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Abstract 
Carbonado is a form of polycrystalline diamond found in placer deposits in 
South America and Central Africa, and is one of the toughest known materials. The 
source rock for carbonado is unknown, and it has unusual porosity, textural features, 
and inclusion mineralogy. These have lead to a wide variety of theories on the genesis 
of carbonado. The tightly bound, interlocking microtexture of diamond makes it 
difficult to study, and only one previous study has been done on polished interior 
sections of a carbonado. 
This thesis reports the results from studying the polished surfaces of 21 
carbonados from Brazil and the Central African Republic. Reflected light and 
scanning electron microscopy, cathodoluminescence (CL), Photoluminescence, 
Raman spectrometry, and secondary ion mass spectrometry were performed on these 
carbonado samples in order to determine their microtexture and evaluate the various 
theories of carbonado genesis. In addition, carbonado pore minerals and indicator 
minerals from the Brazilian rivers in which carbonado is found were studied in an 
attempt to gain some insight into the possible source rock for carbonado. 
Some of the individual diamond microcrystals in carbonado were found to 
have morphological and chemical similarities to the monocrystalline microdiamonds 
found in the Dachine talc schist of French Guiana. Diamonds and chromites from the 
Dachine talc schist were studied to determine the protolith of the talc schist, and to 
constrain the residence history of the Dachine microdiamonds in the mantle. 
Studies of florencite, a common pore mineral in carbonado, show that the Pb 
that substitutes into the REE site in the florencite crystal lattice is modern, common 
lead. When combined with previous geochronological studies that show at carbonado 
has been associated with uranium for at least 2.5 Ga, this modern common lead shows 
that the pores have been open to exchange with the exterior environment. Raman and 
CL studies show that the radiation damage previously documented in carbonado is 
concentrated in the areas around the pores, suggesting that they were filled with a high 
concentration of uranium. One carbonado was found to host a metallic Fe-Cr 
inclusions in its pores. This alloy is of a type previously reported only as 
intracrystalline inclusions. These results have been interpreted as recording a three 
step history for the pore mineralogy of carbonado. First, carbonado crystallized in the 
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diamond stability field, in equilibrium with reduced metallic phases. After transport 
to the surface and release from the host rock, U-bearing groundwater dissolved the 
pore minerals and precipitated uranium in a redox reaction. Finally, recent tropical 
weathering reoxidized the uranium, leaving recent lateritic minerals in the pores. 
Because the Pb isotope model ages for carbonado (2.8-3.6 Ga) are older than 
most other diamonds and much of the craton in which carbonado is found, a detrital 
zircon study was performed on carbonado-bearing streams to see if any rocks of this 
age or older were present in the paleo-drainage basin of the conglomerates that 
contain carbonado. The detrital zircons found in carbonado-bearing streams had ages 
between 3.7 and 2.1 Ga The clasts that local garimpeiros (prospectors) and 
sedimentologists believe are related to carbonado had ages between 3.7 and 3.35 Ga. 
This age distribution is similar to that of detrital zircons found in green Jacobina 
quartzites, which were found to have the same range of ages, plus a large 
concentration of 3.30 Ga grains not present in the sediments associated with 
carbonado. The only possible indicator minerals found were two Cr-rich rutiles, 
which may originate from metasomatized mantle. One of these Cr-rutiles was 
tentatively dated using the U-Pb system as having an age of 2933 Ma. This age 
corresponds with a time of tectonic quiescence in the drainage area of the carbonado 
source conglomerates. 
Optical, CL and Raman spectroscopic studies of polished carbonados show 
that they consist of either a collection of discrete euhedral or anhedral diamond 
microcrystals, or of a homogenous mix of irregular shaped grains. The ratio of these 
two textural types varies between carbonado grains, but is generally constant within 
each individual carbonado. Grain boundaries are generally not straight, and rarely 
terminate in symmetrical triple junctions. 
Raman spectroscopy shows that the level of elastic strain and compression or 
tension of the diamond crystal lattice is much lower than that of diamonds formed 
through shock synthesis, precipitated in chemical vapor deposition, or recovered from 
ureilite meteorites. This elastic strain levels in carbonado are similar to those in 
lithospheric diamonds or synthetic diamonds synthesized at static high pressures. 
This suggests that carbonados were in the diamond stability field at moderately high 
temperatures. 
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SIMS measurements of carbonado using the SHRIMP II ion probe show that 
the individual crystals in carbonados have slightly different carbon isotopic 
compositions and nitrogen concentrations. 
There are two hypotheses that can account for the features observed in 
carbonado. The first is a two stage process, whereby the euhedral grains grew first, 
and the matrix diamond rapidly crystallized at a later date. The second is a 
deformation process, whereby microdiamonds were concentrated and deformed to 
varying degrees, resulting in the variable ratios of euhedral diamond to matrix 
diamond in different carbonado stones. Because the undeformed euhedral diamonds 
were found to be morphologically and chemically similar to the diamonds in the 
Dachine talc schist in French Guiana, this primary diamondiferous rock was studied in 
an attempt to determine how such diamond can form. 
The diamonds in the Dachine talc schist were found to be type IaA-Ib. The 
lack of total nitrogen aggregation means that they can not have been resident in the 
mantle for more than 10 million years. The low aggregation state also constrains the 
temperature of the magma that erupted them to less than about 1500 °C, as the 
nitrogen in the Dachine diamond would have aggregated during transport if the 
magmas were any hotter. SHRIMP carbon isotopic measurements show that these 
diamonds have a range in carbon isotopic composition from typical mantle values 
down to typical biogenic values. All Dachine diamonds with detectable nitrogen have 
identical thermal histories, irrespective of carbon isotopic composition. 
The chromites on the Dachine talc schist were a mix of metasomatized 
lithospheric mantle chromites typical of kimberlites, and igneous chromites. The 
igneous chromites had trace elemental compositions less depleted than those found in 
boninites and komatiites, and were similar to those found in high-Mg shoshonitic 
intrusive rocks. This, combined with relict volcaniclastic textures, a geologic setting 
that is interpreted as an early Proterozoic arc, and the low temperatures required by the 
diamonds, suggest that the Dachine talc schist may have originally been a hydrous, 
arc-related volcanic rock. Such an interpretation would allow the low 813C of the 
Dachine diamonds to be caused by the subduction of organic carbon. 
There is still much research that must be done before carbonado diamond is 
well understood. However, this theses presents several new and important constraints. 
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The first result is that the radiation damage in carbonado was generated by the 
deposition of uranium in the pores, and that both this uranium and the original pore 
minerals have since been replaced by recent lateritic minerals related to tropical 
weathering. The other important result is that the diamond lattice in c~bonado grains 
is under very little residual stress, so that whatever process that formed the carbonado 
microstructures must have occurred in the diamond stability field, and not as a result 
of metastable diamond growth. 
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Chapter 1 : Introduction to carbonado and a summary of 
diamond occurrences 
1 
This thesis uses modern analytical techniques to constrain the origin of 
carbonado, a variety of polycrystalline diamond. Before presenting or interpreting the 
experiments performed as a part of this study, it is useful to review some of the 
properties of diamond, the geological environments in which it occurs, and previous 
work that has been done on carbonado. 
Diamond is not thermodynamically stable in the Earth's crust. Because 
diamond is the high pressure polymorph of carbon (figure 1.1), it is not stable at 
pressures and temperatures found in the Earth's crust or uppermost mantle (Bundy et 
al., 1996). Diamond consists of carbon atoms which are sp3 bonded in the face-
centered cubic lattice, shown in figure 1.2. This close-packed crystal structure with a 
very short bond length (table 1.1) precludes most elements from being included in the 
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Figure 1.1. The phase diagram for elemental carbon. Modified from Bundy et 
al. (1996). Although it was long thought that diamond converted to a metallic phase 
at pressures greater than 70 GPa (Muncke, 1979), it is now believed that diamond 
is the stable crystalline phase up to pressure in excess of 1200 GPa (Bundy et al., 
1996), and that diamond is denser than liquid carbon, resulting in a positive 
diamond/liquid line. The dashed curve A-B-C represents the kinetic stability limit for 
graphite, above which it rapidly transforms into diamond. Below this line graphite 
and lonsdaleite, a hexagonal sp3 bonded metastable form of carbon (see figure 1 .3) 
can be found. The pressure-depth conversion is from Dziewonski and 
Anderson (1981 ). Cratonic and mid ocean ridge geotherms are also 
shown. (Jackson and Rigden, 1998; Pollack and Chapman, 1977). 
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Figure 1.3. Polymorphs of carbon, modified from Spear (1989). The stability fields 
for graphite and diamond are shown in Figure 1.1. Lonsdaleite is metastable phase 
formed by shock or low temperature/ high pressure transformation of graphite. In 
nature it is considered to be an indicator of impact processes (Kaminsky, 1991 ). 
1. 1. 1 Diamond properties and applications 
Diamond has many superlative physical properties, as it is the least 
compressible, hardest, and most thermally conductive of all known materials (Spear, 
1989). Many of these properties are summarized in table 1.1. In addition, diamond is 
chemically unreactive. It is not attacked by most acids or bases, and only oxidizes or 
transforms to graphite at high temperatures (Spear, 1989). This has led to diamond 
being used in a number of industrial applications, from drill bits to X-ray detectors to 
hi-fi speakers (Spear, 1989). Its hardness, high index of refraction, thermal 
conductivity, and a relentless marketing campaign have also allowed it to become a 
highly valued gemstone. 
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Table 1 .1 . A summary of some physical properties of diamond. From (Spear, 
1989). 
Symmetry cubic 
Space group Fd3m 
Atoms I unit cell 8 
C-C bond length (nm) 0.1545 
Lattice constant (nm) 0.3567 
Thermal conductivity(W/cmK) 6-20 
Thermal expansion (x10·6/°C} 1.1 
Refractive index 2.42 
Hardness (kg/mm2} 104 
Density (g/cm 3} 3.515 
Band gap (eV) 5.45 
Diamonds that do not possess the aesthetic qualities required for jewelry are 
still prized as industrial diamonds. Such diamonds can exhibit a high degree of 
morphological variation. 
1.1.2 Diamond morphology 
Natural diamonds occur as either single crystals or as polycrystalline 
aggregates. The single crystal diamonds are most often octahedral, but diamonds that 
crystallize at lower temperatures are more likely to grow in cuboid or cubo-octahedral 
forms (Sunagawa, 1984). In addition to growth, diamonds also undergo resorbtion, 
and this can cause rounded edges, dodecahedral or hexadecahedral forms, or re-entrant 
crystals (Robinson, 1978; Welbourn et al., 1989). Twinning is also 
observed (Robinson, 1978). 
Polycrystalline diamonds are diamond rocks that are made up of many diamond 
crystals, which are sometimes intergrown with other silicate or oxide phases. Types of 
polycrystalline diamond include ballas, which consists of round stones that result from 
the radial growth of diamond crystals from a single nucleus; stewardite, a 
polycrystalline diamond that is magnetic due to magnetite intergrowths; framesite, a 
loosely bonded polycrystalline diamond that often includes silicate phases, yakutite, a 
polycrystalline diamond rock formed by meteorite impact, and carbonado, which is 
described in section 1.3 (Jeynes, 1978; Kaminsky, 1991). All of these diamond types 
except yakutite and carbonado are found in kimberlites. 
The last kind of diamond found is fibrous diamond, which is sometimes found 
as a coat on types of diamond. Found on kimberlitic diamonds, these fibrous coats are 
believed to have grown on mantle diamonds shortly before, or during, kimberlite 
eruption, and they are often rich in carbonates and water-rich inclusions. Some of 
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them also contain single atomic nitrogen substituting for carbon in the diamond 
lattice (Orlov, 1973; Wilks and Wilks, 1991). The significance of this is described in 
the following section. 
1. 1.3 Nitrogen content and aggregation state 
Some of the properties of diamond, such as thermal conductivity, are 
dependent on crystal lattice defects and substitutional impurities. Although the 
diamond lattice prevents most elements from substituting into diamond, hydrogen, 
boron, and nitrogen are known to be incorporated into the crystal structure of natural 
diamonds (Harris, 1987). Of these, nitrogen is the most abundant impurity (Gurney, 
1989), and the amount and way in which nitrogen is incorporated into the diamond 
lattice can offer constraints of the history and genesis of the diamond. 
Diamonds are classified into types based on their nitrogen (and occasionally 
boron) abundance, and the way in which the nitrogen in incorporated into the diamond 
lattice. Nitrogen is initially incorporated into the diamond lattice by singly substituting 
for carbon, as shown in figure l.4a (Chrenko et al., 1977). This substitution leaves an 
unbonded electron in the diamond lattice, so it is energetically more favorable for two 
nitrogen atoms to be associated as pairs in the diamond lattice. These nitrogen pairs 
are shown in figure l.4b. 
Although it is generally believed that nitrogen atoms are incorporated into the 
lattice by single atomic substitution for carbon during diamond growth, and that they 
then aggregate by diffusion through the diamond lattice (Chrenko et al., 1977 ; Taylor 
et al., 1996), it has been suggested that in some cases nitrogen may initially be 
incorporated into the diamond lattice in pairs (Bulanova, 1995 ; Kesson and 
Ringwood, 1989). However, this has not yet been experimentally demonstrated. Pairs 
of nitrogen can also aggregate into tetrahedral aggregates (with a vacancy), as shown 
in figure l.4c, but because diffusion of paired nitrogen is very slow, this process 
requires a long residence time at high temperature. 
C. W. Magee, Jr. Introduction 5 
Figure 1.4. Nitrogen defects in diamond. Nitrogen is the main atom that substitutes 
into the diamond lattice. Here the three main forms of nitrogen substitution are 
shown, in the diamond crystal lattice. Blue is nitrogen, while black is carbon. 
Dotted red lines indicate bonds that are broken as a result of nitrogen substitution. 
The nitrogen content and aggregation state of diamonds is the diagnostic 
feature used to classify them. Diamonds with detectable nitrogen are classified as type 
I. Those without detectable substitutional nitrogen are classified as type II. Only 2% 
of natural diamonds are type II. Type I diamonds are further classified by their 
nitrogen aggregation state. Diamond in which the nitrogen is mostly aggregated into 
pairs are known as type IaA. Those with nitrogen dominantly in tetrahedral 
aggregation are type IaB. Diamonds with single nitrogen defects are classified as type 
lb. Nitrogen-free diamonds are classified into type Ila diamonds, which have no 
detectable nitrogen or boron, and type lib, which contain detectable amounts of boron 
substituting for carbon in the diamond lattice (Harris, 1987). 
Nitrogen content and aggregation state in diamond is generally determined by 
Fourier Transform Infra Red spectrometry (FTIR). Each of the nitrogen aggregation 
states has a characteristic IR absorption spectra. Because the rate of nitrogen diffusion 
through diamond has been experimentally determined, the nitrogen aggregation state 
of a diamond is related to its thermal history (Mendelssohn and Milledge, 1995; Taylor 
et al., 1996). In the case of carbonado, producing meaningful IR spectra of carbonado 
is difficult due to low nitrogen content. However, Milledge et al. (1998) reports that 
the larger crystals that comprise carbonado are type IaA. 
1. 1.4 Lattice defects & optical centres 
In addition to nitrogen, other lattice defects occur in diamond. These are often 
caused by the presence of vacancies in the structure, radiation damage, deformation, or 
growth from transition metal catalysts. When these defects result in the absorption or 
luminescence of visible light they are referred to as optical centres. Numerous centres 
are known in diamond, and they are correlated to the lattice-damaging processes listed 
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luminescence of visible light they are referred to as optical centres. Numerous centres 
are known in diamond, and are correlated to the lattice-damaging processes listed 
above, or to certain methods of diamond synthesis (Collins, 1983 ; Collins, 1992; 
Collins, 1993 ; Collins and Robertson, 1985; Hanley et al., 1977; Lawson et al., 1996; 
Mendelssohn et al., 1979 ). Although carbonado is opaque, and thus absorbance 
cannot be used to characterize these centres, carbonado is generally strongly 
photoluminescent and cathodoluminescent, and these techniques can be used to 
constrain the nature and distribution of various lattice damaging events in the 
diamond's history. In some cases, this information may be diagnostic of certain 
processes of diamond formation. 
The high symmetry of the diamond structure also means that all carbon-carbon 
bonds are not only all the same length, but they have a single vibrational mode. This 
can be detected using Raman spectroscopy, and is visible as a single Raman peak. This 
simple spectra makes interpreting the Raman spectra of diamond more straightforward 
than it is for more complex crystal structures. As a result, lattice strain and crystal 
defects can be measured with this technique, and it is popular among material science 
researchers, particularly those who analyze CVD diamond (which is explained in 
section 1.1.5) (Knight and White, 1989; Spear, 1989 ). Although Raman spectroscopy 
is rarely used on diamond by geologists, it has the potential to detect geological events 
that alter or damage the diamond crystal lattice, and it may provide information into 
the diamond formation. 
Diamond synthesis provides insight into how some natural diamonds may have 
formed. Because all of the following methods of diamond synthesis have been 
proposed as possible methods of carbonado formation, three methods of diamond 
synthesis are briefly explained below. 
1.1.5 Diamond Synthesis 
Diamonds have been synthesized in a number of different ways. The first 
synthetic diamonds were made in 1953 by subjecting carbon and iron metal catalysts to 
high temperatures at pressures inside the diamond stability field. Subsequent 
development of the "belt apparatus" by General Electric in 1955 and introduction of 
Ni-Fe-Co metal catalysts led to refinement of this process so that this is the primary 
method of synthesizing diamond today (Liander, 1980). Diamonds have also been 
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synthesized at high pressures and temperatures from Mg rich silicate (Ariina et al., 
1993) and carbonate (Pal'yanov et al., 1999) liquids. 
Diamonds have also be;e-i synthesized by shock. The first such diamonds were 
described by DeCarli and Jamieson (1961). Diamond was later discovered to be a 
product of some detonation soot (Greiner et al., 1988). Diamonds are also believed to 
have been formed by much larger explosions, such as those created by meteorite 
impact (Carlile and Braman, 1991), and in the supernovae of giant stars. These are 
preserved in some meteorites (Lewis et al., 1987), but it is thought that they are 
formed not by the high pressures of shock, but by another process, chemical vapor 
deposition (Haggerty, 1999), which is described below. 
In addition to synthesis within the diamond stability field, diamonds can also be 
grown metastably. The most common method of metastable diamond growth is 
chemical vapor deposition, or CVD. In this process, a low pressure (5-20 bar) 
hydrogen gas containjng a small amount of a organic gas such as methane or acetylene 
is ionized and passed over a hot (700-1000°C) substrate. This causes carbon to be 
deposited on the surface. Although most of the carbon deposited is soot or graphite, 
some is diamond. The non-diamond carbon is immediately removed through reactions 
with the hydrogen plasma, but the diamond is unaffected. This process results in slow 
diamond growth, and it is popular in the high technology industry for producing 
diamond coatings (Spear, 1989). The hypothesis of CVD formation of carbonado is 
discussed in section 1.3.2.6 ofthis chapter. 
1.2 Natural diamond occurrence 
1.2.1 Mantle diamonds 
Although diamonds can by synthesized using the techniques described above, 
most commercial diamonds, and nearly all gemstones, are mined. As has already been 
mentioned, the occurrence of diamonds in the Earth's crust is anomalous, because the 
stable form of carbon at crustal pressures and temperatures is graphite (Bundy et al., 
1996). When diamond is found in the Earth's crust, it is indicating that material from 
deep in the Earth has been transported to the surface, or that high pressures were 
produced on the Earth's surface. A map of diamond occurrences is given in figurel.5. 
A mantle genesis for carbonado has been proposed, and is discussed in section 1.3.2.1 
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of this chapter. Because the vast majority of diamonds on Earth originated in the 
mantle, a brief overview of these diamonds is presented below. 
1.2. 1. 1 Kimberlitic and Lamproitic diamonds 
Most diamonds found on the Earth's surface have been transported from depth 
by transport in a magma with a source deep enough to be within the diamond stability 
field. This requires depths of 150 km or more, and such magmas are usually 
kimberlitic or lamproitic in composition (Nixon, 1995). These are incompatible and 
fluid rich mantle melts, most likely generated by small degrees of partial melting (Hess, 
1989). Kimberlite eruptions are known to have occurred from between 50 and 1700 
Ma (Nixon, 1995). However, the diamonds that they transport to the surface are 
generally far older, and some have been stored in the lithosphere since the 
Archean (Harris, 1987; Meyer, 1987; Pearson and Shirley, 2000). 
+ Diamondiferous Kimberli tes/Lamproi tes 
8 Diamond-pnxlucing impact craters 
1.- Diamond-fades regional metamorphism 
e Carbonado 
+ Diamondiferous Dachine Talc Schist 
Radiation-induced diamond 
Figure 1.5. A map of diamond occurrences around the world. Major diamondiferous 
kimberlite and lamproites are shown as blue diamonds. Metamorphic diamonds are 
shown as brown folds. Impact sites are depicted by red bull's eyes (located on the 
impact site, not on distal diamond deposits), while radiation formed diamonds are 
shown by the radiation symbol. Carbonado deposits are shown by the black circles, 
while the Dachine talc schist represented by the green diamond. 
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1.2.1.2 Other diamondiferous igneous rocks 
There are isolated examples of other magma types transporting diamond from 
the mantle. These include lamprophyres such as the Akluilak: Dike in the Gibson Lake 
area of Canada (McRae et al., 1995), and the protolith of the Dachine talc schist in 
French Guiana, South America (Bailey et al., 1998). The latter is the only unusual 
magmatic diamond host important to this study, because its diamonds are similar to 
carbonado in a number of ways. The Dachine talc schist and its diamonds are the 
subject of Chapter 6. 
1.2.1.3 Mantle diamond paragenesis 
How mantle diamonds are formed is still a matter of debate. Because the 
diamonds are xenocrystal, it is often difficult to determine what sort of rock the 
diamond grew in, unless it contains mineral inclusions. Diamonds that do contain 
mineral inclusions are classified using those inclusions into peridotitic or eclogitic 
paragenesis (Gurney, 1989; van Heerden et al., 1995; Robinson, 1978). 
The diamonds of peridotitic paragenesis usually have harzbugitic mineral 
inclusions such as olivine, orthopyroxene, chromite, and sub-calcic garnet. This sub-
calcic garnet is generally thought to have too low a calcium content to have been in 
equilibrium with clinopyroxene (Gurney, 1989; Robinson, 1978). Lherzolitic 
inclusions are also known, but they are much less common than harzburgitic ones (van 
Heerden et al., 1995). 
Diamonds with inclusions suggesting an eclogitic paragenesis contain more 
sodic, higher calcium garnet, omphacitic clinopyroxene (sometimes with detectable 
potassium), with occasional kyanite, coesite, and rutile. Eclogitic xenoliths with 
petrology similar to that of diamonds inclusions have also been found. These quite 
often have diamond concentrations that are many times higher than the kimberlite as a 
whole (Gurney, 1989; Robinson, 1978 ). Sulfides are also commonly found as 
inclusions in both kinds of diamonds (Gurney, 1989; Robinson, 1978 ), but their role in 
diamond genesis is not yet known. 
Geothermobarometry calculations have been performed on many diamond 
inclusions in order to determine the conditions under which they formed. These show 
those with peridotitic inclusions have a relatively narrow P and T range of 900-1200 
°C and 5-7GPa. The eclogitic inclusions, however, are more variable, forming between 
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1050-1500 °C and 4.5-14 GPa (Kesson and Ringwood, 1989). Additionally, most 
kimberlitic diamonds are type IaA or IaB (Chrenko et al., 1977 ; Stachel and Harris, 
1997b), which is expected from the long residence times (diamond inclusion age minus 
kimberlite eruption age) and the high (> 1000°C) temperatures derived from analysis of 
silicate inclusions. 
1.2.1.4 Theories of Mantle Diamond formation 
Given these constrains, there are three main theories of how diamonds form in 
the mantle. The first is that the diamonds crystallized from a silicate or silicate-sulfide 
melt (Bulanova, 1995; Gurney, 1989; Robinson, 1978 ). It has been proposed that this 
melt may have formed as a result of dehydration reactions in a subduction zone 
(Kesson and Ringwood, 1989). 
Unfortunately, the temperature at which many of the peridotitic diamonds are 
believed to have formed is well below the C-0-H fluid saturated solidus for 
harzburgite (Stachel and Harris, 1997a). As a result, alternative theories have been 
proposed to explain how diamonds may have crystallized under these conditions. One 
theory is that diamonds are precipitated from the reaction between a reduced fluid and 
an oxidized mantle (Haggerty, 1986; Taylor and Green, 1989). The other is reduction 
of an oxidized fluid by a reduced mantle (Haggerty, 1986). In either case, the 
diamonds are precipitated from a C-0-H fluid, not a silicate melt. 
1.2.2 Metamorphic diamonds 
Although economically valuable deposits of diamonds are restricted to mantle-
derived volcanic rocks, other occurrences of diamond are known. Diamonds have 
been found in a number of high pressure metamorphic terrains, such as the Kokchetav 
massif in Kazakhstan (Sobolev and Shatsky, 1990), the western gneiss region of 
Norway (Dobrzhinetskaya et al., 1995), in the Erzgebirge of Germany (Massone, 
1998), and the Dabie Shan in China (Xu et al., 1992). In these areas, continental rocks 
were subducted to depths inside the diamond stability field, and were then tectonically 
uplifted to midcrustal levels (Hermann et al., 2000; Shatsky et al., 1999 ). In the 
Kokchetav Massif, these diamonds appear to have formed due to mixing between C02 
rich fluids resulting from decarbonation of crustal carbonates and H20-CH4 fluids from 
reduced dehydrating meta-petites (Decorte, 2000). These diamonds generally contain 
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large amount of unaggregated (type lb) nitrogen, as they only experience maximum 
temperatures of 950 °C, and they were generally at peak temperature for less than 10 
million years (Decorte, 2000). 
1.2.3 Impact-formed diamonds 
Diamonds can also be formed on the Earth's surface. Although the lithostatic 
pressure here is below that of the diamond stability field, processes that temporarily 
increase the pressure at the Earth's surface to that where diamond is stable can 
transform organic or graphitic carbon into diamond on the surface. This can be done 
by meteorite impact. 
Impact-formed diamonds have been reported in the Ries crater in 
Germany (Hough et al., 1995), the Popigai impact structure in Russia, where it is 
known as yakutite (Kaminsky, 1991; Koeberl et al., 1997a), the Ilyinets, Zapadnaya, 
and Obolon craters in the Ukraine (Gurov et al., 1995), and the distal "fireball" 
deposits from Cretaceousff ertiary boundary layer in Mexico, the United States, and 
Canada (Carlile and Braman, 1991 ; Gilmour et al., 1992; Hough et al., 1997), which 
are associated with the Chucxulub impact feature in Mexico. In an impact situation, 
diamonds can be formed either by shock metamorphism of graphite or organic material 
(Koeberl et al., 1997a), or by CVD precipitation from the plasma created by the 
vaporization of the bolide and the immediate target (Hough et al., 1995). 
1.2.4 Meteoritic diamonds 
Meteorites are also known to contain diamonds, and were first reported in the 
nineteenth century (Yerofeyev and Lachinov, 1888). These diamonds can either be 
formed by impacts before the meteorites came to Earth, or they may precipitate from 
interstellar gasses in a CVD process (Haggerty, 1996 ; Haggerty, 1999). Some 
impact-related diamonds from the K-T boundary are thought to be residual diamonds 
from the impactor that survived impact, as opposed to diamonds formed during the 
impact event (Carlile and Braman, 1991), but isotopic studies show that this is unlikely 
(Gilmour et al., 1992). 
1.2.5 Radiation-formed diamonds 
Diamonds can also be formed outside the diamond stability field by irradiation 
of carbonaceous material (Kaminsky, 1987). Because diamond has a lower surface 
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energy than graphite (Oziina and Tatsumoto, 1997), the very high surface to volume 
ratios of small grain sizes extends the stability of diamond into lower pressures, where 
graphite is usually the stable phase. Kaminsky (1987) suggested that radiation damage 
to carbonaceous materials could cause the carbon to recrystallize on very small scales, 
and that on those scales, diamond would be the stable phase. Evidence of this was 
found when nanometer-sized diamonds were detected in a Precambrian carbonaceous 
(coal-like) rock which contained 5 weight % uranium oxides. (Daulton and Oziina, 
1996), 
1.2.6 Sedimentary diamond deposits 
The hardness of diamond and it's resistance to low-temperature chemical 
attack, it is able to survive the sedimentary environment, and is commonly found in 
placer deposits. Until the end of the nineteenth century, these were the only known 
occurrences of diamond. Although most alluvial diamonds are kimberlitic, several 
types of diamonds have been found in alluvial deposits. 
Many of these, such as the deposits of the Orange River, can be directly related 
to a primary kimberlite source (Gurney, 1989). Others, such as those of the Guiana 
craton, cannot, but the association of mantle indicator minerals shows that these 
diamonds there also probably derived from the mantle (Nixon, 1995). 
Sedimentary transport destroys damaged or poorly-aggregated polycrystalline 
diamonds, so that the proportion of gem-quality diamonds is higher in sediments than 
in primary hosts. This process can be demonstrated in the laboratory, where industrial-
quality diamonds (commonly known as bort) are destroyed by milling many times 
faster than gem quality diamonds (Gurney, 1989). This makes it all the more 
interesting that carbonado, a polycrystalline diamond, is found in sedimentary deposits. 
Metamorphic diamonds have also been found in sedimentary deposits. The 
titanium-zirconium placer deposits north of the Kokchetav massif have been known to 
be diamondiferous, and these diamonds have been correlated to the metamorphic 
diamonds of the Kokchetav massif (Decorte, 2000). 
Alluvial impact diamonds are known from Yakutia (Kaminsky, 1991). These 
diamonds are related to the Popagai diamonds, and are found in alluvial diamond 
deposits in northern Y akutia, Russia. Other alluvial impact diamonds are found in the 
Ukraine (Kaminsky, 1991). 
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Radiation-formed and meteoritic diamonds have not been found in a secondary 
environment. However, they are usually no larger than a few tens of nanometers 
across, so detecting them would be difficult. 
1.3 Carbonado 
Figure 1.6. A carbonado diamond, sample CAR-2, from the Central African 
Republic. The diamond is moun1led on a brass polishing dob. The scale bar has 
two lines per millimeter. 
Not all types of alluvial diamonds can be traced to a known protolith. One 
class of alluvial diamonds with no known source is carbonado. Carbonado (figure 1.6) 
is a form of polycrystalline diamond originally reported from Brazilian alluvial deposits 
in 1843 (Kerr et al., 1948). Its source was then traced to the Chapada Diamantina in 
Eastern Brazil (Derby, 1905) It is also known from the Central African Republic 
(CAR) (Trueb and de Wys, 1971) and Venezuela (Kerr et al., 1948), with possible 
occurrences in Guyana and Russia (Milledge et al., 1998). However, carbonado has 
never been found in kimberlite, and due to many unusual features, there is considerable 
debate as to the source of these diamonds. 
Carbonado is mined from placer deposits in the CAR and the Brazilian states of 
Bahia and Minas Gerais. In Bahia, the main sources are the tributaries of the Rio 
Paraguac;u, between the towns of Lenc;ois and Andaraf. In Brazil, it is believed that 
carbonado weathers out of conglomerates of the Proterozoic Tombador 
formation (Derby, 1905). Other references suggest that younger sediments may host 
these diamonds in the CAR (Trueb and de Wys, 1971). Thus, carbonado may have 
been subjected to numerous sedimentary and/or metamorphic cycles. Carbonados vary 
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vastly in size, from less than 100 mg to over 600 g. Carbonado is found with 
monocrystalline diamond in these placer deposits, although deposits with high 
carbonado content seem to have few monocrystalline diamonds, and vice versa (Trueb 
and de Wys, 1971). 
1.3. 1 Features of carbonado 
There is some confusion as to what constitutes carbonado, as no formal 
definition has been established. However, the vast majority of the material known as 
carbonado shares a number of diagnostic features, which are characteristic enough for 
non-carbonado diamonds to be distinguished from mixed samples (Kamioka et al., 
1996). These features are listed below. 
1.3.1.1 Porosity 
Carbonados are porous. Their measured density is considerably less that of 
pure diamond, 3.51 g/cm3• Trueb and Butterman (1969) report the density to be 
around 3.38 +/- 0.03 (one sigma), while Haggerty (1998) measured the mean density 
at 3.09 g/cm3, with a low of 2.8 g/cm3• Some researchers argue that the pores indicate 
a low pressure genesis (Haggerty, 1998), as the high pressures required to reach the 
diamond stability field would eliminate any porosity. However, if it can be shown that 
the pores can exchange material with the external environment, then it is possible that 
the pores were originally filled with a solid material that has since weathered out. 
Pore minerals are discussed in section 1.3.1.5. 
1.3.1.2 C and N Isotopic Composition 
Another diagnostic feature of carbonado is its isotopic composition. The bulk 
o13C value of carbonado has been measured in a number of studies (Orlov, 1973; 
Shelkov et al., 1995), and is consistently shown to be between -24 and -28 per mil. 
The nitrogen content is usually below lOOppm, a fairly low value for diamond, and the 
o15N value is usually between 0 and 10 per mil. The isotopic composition of 
carbonado from Africa and Brazil are indistinguishable (figure 1.7) (Shelkov et al., 
1997). 
1.3.1.3 Surface Texture 
Carbonado often exhibits a very unusual surface texture. The texture does not 
appear to be entirely due to the sedimentary transport and abrasion process, and can 
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have a number of different appearances. One consists of a smooth, shiny coat often 
found along one or more sides of a stone, another is a spongy, often reddish or 
brownish texture. Haggerty (1998) describes these as having "globules, dimples, and 
furrows, or a reticulate, cantaloupe skin-like network", and considers the surfaces to 
be "melt-like". Shelkov et al. (1995) also note this very strange texture, calling it a 
"surface layer only explicable in terms of highly unequilibrated processes". 
Carbonado also exhibits a frosted texture with rounded corners similar to that 
of other detrital minerals. This is consistent with fluvial transport and immersion in the 
high energy environment in which the carbonado host conglomerate was deposited. 
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Figure 1.7. The carbon and nitrogen isotopic composition of carbonado from Brazil 
and the CAR. Data lb from the most recent bulk study in the literature (Shelkov et 
al., 1997). 
1.3.1.4 Luminescence 
Carbonado is strongly luminescent under electron radiation 
(cathodoluminescence, or CL), UV, and visible radiation (photoluminescence, or PL). 
Several studies have shown the presence of a 504 and/or a 575 nm luminescence band, 
as well as a 638 nm photoluminescence band (Haggerty, 1998; Kagi et al., 1994; 
Magee and Taylor, 1999; Milledge et al., 1998). The luminescence of carbonado is 
more thoroughly discussed in chapters 2 and 4. 
1.3.1.5 Pore Minerals 
It has long been recognized that carbonado has a very unusual suite of minerals 
occurring in its pores (Koeberl et al., 1997b; Trueb and de Wys, 1969; Trueb and de 
Wys, 1971). Some of these mineral identifications are suspect, but few of these could 
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be mantle-derived minerals, and most inclusions appear to be of low pressure crustal 
origin. 
These crustal minerals include quartz, iron oxides such as hematite, clay 
minerals, and secondary rare earth phosphates such as florencite (Koeberl et al., 1997b; 
Trueb and de Wys, 1969; Trueb and de Wys, 1971). Pb isotope data from carbonado 
florencite suggests that the mineral is of very recent origin, and thus may be umelated 
to diamond formation. Th$ data are reported in chapter 2. This recent origin does not 
explain why this mineral and other REE phosphates, are associated with carbonado 
from both Brazilian and African localities. 
Not all pore minerals are typical crustal minerals. De et al. (1998) report Fe, 
Fe-Mn, Fe-Cr, Ni, and Sn metal microinclusions, along with SiC, from a TEM study. 
These generally occur as tens of nanometer sized blebs within diamond grains. Such 
reduced inclusions suggest a lower f02 than is typically found in the Earth's crust and 
mantle. De et al. (1998) also reports possible fluid and sylvite (KCl) inclusions on a 
' 
similar scale to the metal inclusions. Pore minerals are discussed in more detail in 
chapter 2. 
1.3.1.6 Noble Gas Composition 
Carbonado has distinctive noble gas characteristics (Ozima et al., 1991). The 
noble gas signature of carbonado is heavily influenced by the products of spontaneous 
fission of 238U, while the 4He content is also very high, as a result of alpha decay from 
U and/or Th. All of these processes cause noble gas by-products to be implanted into 
the diamond, and these gases are released upon graphitization. The amount of these 
decay products is higher than the amount that can be produced from the current U 
content of carbonado during the age of the Earth. Thus, the U that produced these 
byproducts must have been removed from the carbonado. 
1.3.1.7 X-ray information 
Milledge et al. (1998) have used X-ray diffraction to show that carbonado, 
unlike Y akutite impact diamond, does not have a preferred grain orientation. Other X-
ray studies (Trueb and de Wys, 1971) suggest that although the diamond grains do not 
show any preferred orientation, some samples exhibit elongated pores which 
sometimes do show a preferred orientation. X-ray studies (Trueb and Butterman, 
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1969; Trueb and de Wys, 1971) also failed to show any non-diamond phases present in 
carbonado. 
1.3.1.8 Age constraints 
There are few geochronological constraints on carbonado, other than that they 
must be older than the sedimentation age of the conglomerates from which they are 
derived. The age of these sediments is mid-Proterozoic, but is not well 
constrained (Sampaio et al., 1994). Lead isotopic data by Ozima and 
Tatsumoto (1997) suggests that carbonados are very old. From an estimated 
radiogenic 207Pbf206Pb ratio of 0.38, they estimate the age is probably between 2.6 and 
3.8 Ga, depending on how long the U was present in the samples. This age reflects the 
age of uranium enrichment, which did not necessarily happen during carbonado 
formation. Another lead age from quartz inclusions suggests that the quartz in 
carbonado pores is 3.1 ±0.8 Ga (Yokochi et al., 2000). 
1.3.2 Theories of carbonado genesis 
Because many of the features listed above are not found in typical mantle 
diamonds, a number of unusual hypotheses have been put forth to explain the genesis 
of carbonado. The rarity of the samples, the large span of geological time in which 
they could have been formed and altered, and the lack of primary source rock has 
allowed a number of diverse hypothesis to be proposed to describe the origin of these 
diamonds. None of these are wholly satisfactory, and a number of them are listed 
below, along with the strengths and weaknesses of each argument. 
1.3.2.1 Kimberlitic pipe origin 
The oldest (Derby, 1905) and simplest explanation is that carbonado, like 
framesite, is of kimberlitic origin, and the source simply has not yet been discovered, or 
else has been destroyed by erosion. This theory says that the C isotopic composition, 
while unique, is only slightly (5 per mil) lighter than that of many framesites, and 
carbonado may simply be a subset of framesites. This removes the need to invoke 
some other explanation, and explains why carbonado is always found in association 
with monocrystalline diamond in the same placer deposits. The uranium and all 
associated features (luminescence, noble gases, etc.) would be from the sedimentary 
environment, and would not be a primary feature. As Milledge et al. (1996) point out, 
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due to the extreme diversity of mantle diamonds, most carbonado features can be 
interpreted as generally consistent with a mantle origin. 
On the other hand, a mantle genesis does not explain the unique surface 
texture, unless that texture is considered to be post-formational. Neither does it 
explain the porosity or the extremely reduced inclusions. Also, the isotopic 
composition of carbonado is distinct from most mantle diamonds, although 
polycrystalline mantle diamonds generally have lighter carbon isotopic compositions 
than most of the mantle diamond population. 
1.3.2.2 Ultra-high pressure (UHP) metamorphic crustal origin 
Another theory is that carbonado is crustal in origin. If a highly carbonaceous 
rock was subjected to P and T conditions that correspond to the diamond stability 
field, it might metamorphose into carbonado. This was first suggested by 
Robinson (1978) and would explain why the o13C ratios are similar to those of coal and 
other carbonaceous sediments. Once again, the U is incorporated into carbonado 
afterwards, which is entirely possible, as carbon-rich sediments can host uranium 
deposits (Daulton and Ozima, 1996). Similarly, if a U-rich carbonaceous rock was 
subducted, it the U could be incorporated into the carbonado during formation. 
However, there is no evidence on the Sao Francisco craton for UHP 
metamorphism. Also, life during the Archean was microscopic, sparse, marine, and 
much more primitive than the large mega:flora from which Phanerozoic coal is derived, 
so carbonaceous rocks are less likely to form, particularly in continental settings. 
Never the less, there are some reports of Proterozoic carbonaceous deposits with a 
greater than 50% carbon content, (Buseck et al., 1997; Daulton and Ozima, 1996) and 
Buick et al. (1998) have evidence for what may have been significant Archean oil 
deposits in the Pilbara Craton. In addition, the isotopic composition for supposedly 
organic deposits is widely variable for rocks formed before 2 Ga, and often does not 
correspond to the -28%0 o13C value of carbonado and modern plants. 
1.3.2.3 Impact-related formation 
Smith and Dawson (1985) suggested that carbonado may be impact related. 
Support for this theory comes from the surface texture, which Shelkov et al. (1995) 
suggest might be analogous to the ablation-related surface of tektites, and the crustal 
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inclusions and isotopic composition. Girdler et al. (1992) suggest a relation between 
carbonado and a large magnetic feature in Africa that could be a highly eroded, 800km 
diameter impact basin. 
There are many arguments against the impact theory. Smith and 
Dawson (1985) included a number of Russian polycrystalline diamonds in their study. 
These specimens, known as yakutites, are of known impact genesis, as they are 
associated with the Tertiary Popagai impact crater (Kaminsky, 1991). However, they 
are very different than carbonado. Many of these differences are summarized by 
Kaminsky (1991), and they include heavier carbon isotopes in impact diamonds, the 
presence of a lonsdaleite, a preferred crystal orientation, and a smaller grain size. Also, 
DeCarli (1997) has shown that it is kinetically difficult to create large diamond 
aggregates in an impact event, as large diamonds subject to shock heating would not 
cool fast enough to be below the graphitization temperature before the rarefaction 
wave lowered the pressure out of the diamond stability field. 
1 .3.2.4 Radiation induced formation 
The crustal characteristics of carbonado have caused several researchers to 
postulate that carbonado formed outside of the traditional diamond stability field. One 
such process is radiation induced diamond formation, first suggested by 
Kaminsky (1987). Because diamond has a lower surface energy than graphite (Ozima 
and Tatsumoto, 1997), the very high surface to volume ratios of small grain sizes 
extends the stability of diamond into lower pressures where graphite is usually the 
stable phase. Kaminsky (1987) suggested that radiation damage to carbonaceous 
materials could cause the carbon to recrystallize on very small scales, and that on those 
scales, diamond would be the stable phase. Evidence of this was found by Daulton and 
Ozima (1996), who detected nanometer-sized diamonds in a Precambrian 
carbonaceous rock which contained 5 weight % uranium oxides. Ozima and 
Tatsumoto (1997) suggest that these small diamonds could then be sintered together 
through metamorphism to form carbonado. 
There are problems with this approach. Firstly, the grain size of carbonado is 
typically in the low tens of microns, and can exceed a hundred microns. The maximum 
size of a radiation induced grain is widely debated, but would only be a few to tens of 
nanometers. Also, the amount of diamond produced in this manner is very small. 
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Daulton and Ozirna (1996) report that only 300 ppm of the residue after dissolution 
was diamond Thus only trace amounts of the original carbonaceous rock had been 
transformed into diamond, while carbonado is 80-90% diamond by volume. 
1.3.2.5 Hydrothermal Growth 
The second low temperature theory of carbonado genesis is that of 
hydrothermal growth. In a series of experiments, Zhao et al. ( 1997) have shown that 
diamonds can be grown from seeds at low pressures and temperatures (800°C) in 
hydrothermal environments. This has been done in the presence of a transition metal 
catalyst, such as Ni and Fe, both of which De et al. (1998) have reported in carbonado. 
They also suggest that the presence of hydrous pore minerals may point to a "wet" 
history of carbonado. The seed crystals that are required could have been produced 
through another process. 
However, florencite, one of the more prevalent hydrous pore minerals 
described, is not stable at 800°C, the temperatures needed by Zhao et al. ( 1997) to 
grow diamond (Schwab et al., 1990). This also does not explain the isotopic 
composition, the porosity, or the surface textures, all of which are very unusual. 
1 .3.2.6 CVD Mechanism 
It has been proposed that in certain instances, such as in the plasma generated 
by an impact or in interstellar gas clouds, diamond can form by chemical vapor 
deposition (CVD). Although nobody has explicitly suggested that carbonado is 
formed by CVD, the possibility has been mentioned by authors such as 
Haggerty (1996). However, CVD diamond generally contains some graphite (Knight 
and White, 1989; Spear, 1989), which is not observed in carbonado. 
1.3.2.7 Core-mantle boundary (CMB) origin 
Given the presence of reduced metallic phases and SiC, it is worth considering 
that carbonado might originate from the core/mantle boundary, or from the core itself. 
In this case, the diamond would possibly form by exolving out of the liquid outer core. 
Such a genesis would easily explain the metal inclusions in carbonado, and if one 
assumes that the pores were originally a reduced phase that has since dissolved out, 
then they could be explained as well. The strange surface textures could then be a 
result of resorbtion or diamond-liquid metal interactions. 
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However, the process of extracting the carbonados from the CMB to the 
surface is unclear (Haggerty, personal comm). Presumably a plume or other whole 
mantle convection process would be involved. Also, the biogenic carbon isotope 
signature is very difficult to explain if this carbon came from the core. 
1.3.2.8 Extraterrestrial Origin 
The final hypothesis of carbonado genesis is that carbonado did not originate 
on Earth (Haggerty, 1996; Haggerty, 1998). This is obviously hard to test, but some 
of the arguments for it follow. The surface textures look similar to the ablated surfaces 
of metal and silicate meteorites. Diamond is often found in carbonaceous chondrites, 
and the isotopic composition of diamond in these meteorites is also very light, about 
-32 to -38%0 PDB. 
Of course, the solar system, not to mention the rest of the galaxy, is a big place, 
and it is hard to disprove the existence of anything out there. However, most 
planetesimals are impacted at one point or another, and carbonado shows none of the 
characteristics of impact diamond. Furthermore, if carbonado was formed in the 
diamond stability field, which requires a large planetesimal to generate the required 
pressure, it would be extremely difficult to get it into space, especially without the 
assistance of an impact, which would produce characteristic impact textures. Also, the 
high temperature noble gas data (Ozima et al., 1991) show a mixture of atmospheric 
and radiogenic components at all temperature steps, and a cosmogenic or other 
signature is absent. Similarly, the rare earth element isotopic ratios (Kamioka et al., 
1996) and nitrogen isotopes are terrestrial (Shelkov et al., 1997). The textures are also 
debatable, because it is not known if diamond will ablate or melt without graphitizing 
during reentry into a reduced atmosphere. 
1.4 Summary of research 
Obviously, the problem of carbonado formation is far from solved. In part, this 
is due to the fact that its complex history has resulted in many contradictory features. 
These include the presence of metallic Fe and hematite, severe radiation damage 
without the presence of any radioactive elements, and the existence of a high pressure 
material (diamond) that is porous. The absence of a source rock further complicates 
the study of carbonado. Any theory of carbonado genesis must reconcile these 
seemingly contradictory features, and the most important step in doing this is probably 
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explaining when and how postformational processes effected carbonado. This thesis 
examines the chemistry and chronology of the inclusions to determine when and how 
they could have grown, and it shows that florencite, one of the more common pore 
minerals, is post-formational. Raman spectrometry, photoluminescence, and 
cathodoluminescence are used to constrain the source of radiation in carbonado to the 
pores. By incorporating this knowledge into previous carbonado research, a coherent, 
consistent model for the post formational history of carbonado can be constructed. A 
comparison of this history to the tectonic history of the Brazilian region, followed by a 
new detrital zircon study of the rocks that allegedly host carbonado put this history 
into a regional geologic perspective. 
These same spectroscopic techniques are then used on the diamond matrix, to 
determine the amount of strain in the diamond lattice and to look for characteristic 
luminescence bands that would be indicative of diamond sintering or aggregation, and 
catalytic or CVD growth. The absence of these argues against metastable diamond 
formation or aggregation. This observation is supported by grain-by-grain isotopic 
analysis of carbonado, which was performed with the SHRIMP II ion probe using a 
method developed here. 
Finally, using all of the new data, carbonado is compared with the diamonds 
with the greatest morphological and chemical similarities, the diamonds of Dachine talc 
schist in French Guiana. 
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Chapter 2: Epigenetic alteration of carbonado 
Carbonado has a complex history, which includes at least two sedimentary 
cycles: Transport from the Tombador sediments to the plcers from which it is mined, 
and deposition in the Tombador conglomerates (Derby, 1905; Sampaio et al., 1994). 
Because of this, it ~s reasonable to expect some of the features observed in carbonado 
to be secondary. Identifying which features are unrelated to carbonado formation and 
how these features were created is important for understanding carbonado, and for 
eliminating certain hypotheses of carbonado formation that are based on post-
formational processes. In this chapter it is shown that the most common pore minerals 
appear to be recent, and that they, and the source of the radiation exposure that 
resulted in the implantation of 4He and heavy Kr and Xe isotopes (Ozima et al., 1991), 
are probably not related to carbonado formation. 
2.1 Pore minerals 
As was mentioned in chapter one, carbonado contains an unusual selection of 
pore minerals. These have been the object of several studies, which are reviewed 
below due to their widely divergent methods and conclusions. 
2. 1. 1 Review of pore minerals 
2.1 .1 .1 Critique of previous studies 
It has long been known that carbonado is porous (Roth et al., 1926, a,s reported 
in Trueb and Butterman, 1969). Starting in the late 1960's, the pore minerals of 
carbonado have come under increasing scrutiny as possible indicators of the conditions 
under which carbonado formed (Trueb and de Wys, 1969; Trueb and de Wys, 1971). 
These papers described a large and variable suite of inclusion minerals, which are listed 
in table 2.1 and table 2.2. However, the way in which these minerals were detected 
should be considered before these identifications are accepted. 
Although Trueb and Butterman (1969) reported geode-like silicate crystals in 
carbonado pores, the composition of these minerals was not reported. The first 
identification of pore minerals was by Trueb and de Wys (1969), who combusted 
Brazilian carbonado and analyzed the ash using XRD, identifying of rutile, monazite, 
and hematite. XRF was then used to identiy the elements listed in table 2.1, which 
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were ~ssumed to be in a glass created by melting silicate inclusions in the diamond 
combustion process. 
Table 2.1. Minerals identified by Trueb and De Wys (1969) in Brazilian carbonado. 
gl'.!!l_l'.l_!_~~-_!1~_8_Q£~j_l'.<!_i_1_1._!Q9-ll!~i2-1_!§ ____ QQ!!_l'._~Ql!Q_i_ri_g__rg!Qt'.F_aJ~--------------------------
Si, Al, K 
Fe (Cr) 
Si, Al, Ca (Mg) 
Si, Al, Ca, Fe, Ce, Pr, Nd 
Ca, Ti 
Si, Zr (Hf) 
Ti, Al 
Sn 
Si, Al, Fe 
Cu,P 
Ca, Ce (La) 
Ca,S 
Orthoclase, KA1Si08 









Parisite, 2 CeFC03-CaC03 
Anhydrite, CaS04 
~~~~~~~~~~~~~ -~-------~-------
Table 2.2 Minerals identified by Trueb and de Wys (1971) in CAR carbonado. 
Minerals which have their formulas expressd as oxide mixes are indentified from 
ash 9ontaining these elements. 
~:iit~!!!l!H!!c.I~!Q!!8-.J!l __ ~~-!!g! __ ~~!!?Q!l_s.____________________________________ -------- ----- ------------------------------------------
Mineral Composition 
Ak:ermanite-gehlenite Ca2A12Si01-Ca2MgSi20 7 
Aluminian serpentine 5Mg0-Alp3-3Si02-4Hp 
Florencite (LREE)AVP04MOH)6 




























Non-diamond XRD bands from whole carbonado X-ray studies and electron 
probe work of exterior grains where then used in an attempt to identify the original 
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minerals. However, it is not stated which analytical constraints apply to which 
minerals, and which minerals have no structural constraints (Trueb and de Wys, 1969). 
A similar study was performed on CAR carbonado (Trueb and de Wys, 1971). 
Once again, ash from carbonado combustion was used to identify groups of 
corresponding elements. However, other samples were crushed, to expose internal 
pore minerals, which were then physically removed and identified using XRD, electron 
probe, and in some cases electron diffraction and polarization microscopy (Trueb and 
de Wys, 1971). 
More recently, carbonado inclusions were revisited by Koeberl et al. (1997) 
with a number of analytical methods. They used XRD to identify quartz and an 
unknown sheet silicate. They also used Fourier Transform Infrared Spectroscopy 
(FTIR) to identify quartz, sheet silicates, carbonates, water, and carbon dioxide, and 
their SEM analysis revealed rutile, a REE-Al-phosphate, anhydrite, and metal-rich 
inclusions containing Ta, Sn, and a Fe-Cr-Ni spinel. 
Detection of these reduced phases was also reported by De and Heaney ( 1996), 
who tentatively reported Si, Ti, and Fe-Cr metals, along with SiC. These, together 
with Sn, Ni-Pt, and Fe-Mn metals were confirmed in De et al. (1998) in a TEM study. 
In addition to florencite, the rare earth phosphates rhabdophane and xenotime were 
also identified (De et al., 1998). 
High REE concentrations for bulk carbonado, with enrichment of the LREEs 
were identified using neutron activation, thermal ionization mass spectrometry, and 
ICP mass spectrometry (Kagi et al., 1994; Kamioka et al., 1996). These results are 
consistent with the presence of phases such as florencite, where LREEs are present in 
1-10% amounts. 
2.1.1.2 Synthesis of previous work 
Although a bewildering array of mineral inclusions have been reported in 
carbonado (De and Heaney, 1996; De et al., 1998; Koeberl et al., 1997; Trueb and de 
Wys, 1969; Trueb and de Wys, 1971), many of these mineral identifications have not 
been reproduced. A brief summary of the mineral most consistently identified appears 
below. 
All of the studies listed above have reported one or more REE phosphate 
inclusions in carbonado. Studies of the isotopic composition of the REEs in bulk 
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carbonado confirm that they are of terrestrial origin (Kagi et al., 1994; Kamioka et al., 
1996). Despite the dominance of fission products in the Kr and Xe isotopic 
composition (Ozima et al., 1991), the REE isotopic signatures are not emiched in 
fission byproducts such as 150Sm and 145Nd in the way that the compositions of REEs in 
florencite from the Oklo natural fission reactors in Gabon have been (Janeczek and 
Ewing, 1996). No Sm-Nd isotopic systematics from carbonado or its pore minerals 
have been reported. 
In addition to the rare earth phosphates, common supracrustal minerals such as 
quartz, rutile, and sheet silicates have been repeatedly found in carbonado. A recent 
study determined that some of the quartz inclusions have a poorly constrained age of 
3179 ± 870 Ma, based on Pb isotopes (Y okochi et al., 2000). Furthermore, most of 
the recent studies have shown that carbonado also contains very reduced phases, such 
as transition metals and SiC, which suggest an environment much more reduced than 
that in which hydrous silicates, phosphates, and carbonates are stable. 
Although carbonate bonds have been reported from IR studies (Koeberl et al., 
1997), no carbonate minerals have been identified in carbonado to date. 
2.1.2 Inclusions found in five carbonados 
Inclusions from five carbonados, three from the CAR, and two from Brazil, 
were identified as part of this study. Methods used are described in Appendix A.2.2. 
The identified minerals are described below. 
2.1.2.1 Iron oxides and hydroxides 
Iron oxides and hydroxides were the most commonly identified pore minerals, 
with all carbonados studied containing at least one example of these minerals. These 
usually took the form of thin films on the bottom of otherwise empty pores or in 
cracks, and due to their irregular shapes, they were difficult to analyze using EDS. A 
tentative identification of these minerals as hematite or goethite was made on the basis 
of the FeO total being well below 100%, and optical examinations using a binocular 
microscope showed that these inclusion minerals had the characteristic strong orange 
color of hematite. No further study was made of these minerals, and given the large 
ferricrete content of the Brazilian streams in which carbonado is found, the presence of 
iron oxides and hydroxides in carbonado is unsurprising. 
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2.1.2.2 Aluminosilicate 
Another common pore mineral was a potassium-bearing aluminosilicate. Based 
on the sub-equal Al and Si content and evidence for clays and other sheet silicates in 
carbonado (Koeberl et al., 1997; Trueb and de Wys, 1971; Yokochi et al., 2000), this 
mineral is probably a clay, although it was not investigated in detail. 
2.1.2.3 Florencite 
Florencite was found in three carbonados from the CAR and one from Brazil. 
Florencite compositions from two of the CAR carbonados are given in table 2.3, and 
the high Sr, Ba, and Pb contents indicate extensive solid solution with the crandalite 
series. 
Table 2.3. Compositions of eight florencites and a lanthanum phosphate. These 
minerals were found in the pores of carbonados CAR-2 and CAR-16. Oxides below 
the detection limit denoted as "b", those not measured are denoted as "-". All 
measurements were performed by EDS using a JEOL 6400 analytical SEM or a 
CAMECA "microbeam" electron robe. 
Florencite c 16-2 c 16-3 c 16-5 c 16-6 c 16-7 c 16-8 C2-1 C2-4 LaP04 
PPs 26.59 22.26 21.39 23.63 21.33 19.86 19.68 23.87 24.1 
803 1 3.07 5.99 3.13 3.71 6.37 1.57 1.22 b 
Si02 0.4 0.43 0.53 0.36 6.49 0.49 
Alp3 30.28 28.71 30.54 29.09 27.07 27.24 30.5 31.66 0.61 
Fep3 1.55 3.03 5.62 1.3 3.6 2.51 2.13 1.26 b 
Lap3 3.44 3.41 2.98 3.19 2.87 2.94 4.09 6.13 46.65 
Cep3 5.95 7.38 4.55 5.35 6.39 5.85 5.41 8.08 b 
Prp3 1.23 0.25 0.62 0.59 0.51 b 
Nd20 3 2.83 1.26 0.98 1.81 1.87 2.07 2.08 1.94 b 
Smp3 0.53 0.32 0.27 0.61 0.66. 
Tot. REp3 13.45 12.58 9.08 11.24 12.33 12.03 11.58 16.15 46.55 
cao 1.5 0.78 1.25 1.51 0.73 0.25 1.08 0.94 2.23 
SrO 5.3 3.1 3.6 4.68 3.08 4.05 0.67 b 
Bao 2.73 3.59 3.72 2.36 3.62 4.89 3.15 3.1 b 
PbO 2.39 3.56 2.74 2.52 3.53 3.31 5.01 6.26 b 
Tot. +2. 11.92 11.03 11.31 11.07 10.96 12.5 9.24 10.97 2.3 
Cale. Hp 11.17 10.96 11.02 11.12 10.97 10.86 11.43 10.94 ? 
Dry total 84.79 80.68 84.33 79.89 79.53 80.87 81.190 85.62 75.89 
Total 95.96 91.64 95.36 91.01 90.5 91.73 92.62 96.56 75.89 
Although these compositions are not exactly stochiometric, they are within 
reported deviations for both natural and synthetic crandalites (Schwab et al., 1990). 
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These compositions are broadly similar to those reported by (De et al., 1998), except 
that Pb was detected as a plumbogummite component in the florencite. Florencite and 
clay-filled pores are shown in figure 2.1, along with the Fe-Cr mineral described in 
section 2.1.2.5. 
Figure 2.1. An SEM backscattered electron image of pore minerals in carbonado 
CAR-2. The different minerals are labeled in the photograph. The diamond matrix 
appears dark due to its low average atomic number. the bight white inclusion is the 
metallic alloy, although the edge of the central pore also appears bright due to relief. 
The florencite is lighter than the clay, which is the most common mineral in these 
three pores. 
2.1.2.4 Other REE minerals 
Two other REE phosphates were detected. One, a LaPO 4 detected in sample 
CAR-16, may be the possible xenotime previously reported (De et al., 1998; Yokochi 
et al., 2000). However, our results (table 2.3) show less Ce and other heavier REEs 
than were reported by De et al.(1998), and our low totals suggest that it may be a 
hydrated light rare earth phosphate, such as Rhabdophane. 
The other REE phosphate, a hydrated YP04 mineral found in samples CAR-16 
and B2, is probably the churchite described by (Trueb and de Wys, 1971). This 
mineral was also notable for its blue-green cathodoluminescence, which is shown in 
figure 2.2. 
2.1.2.5 Fe-Cr metal 
A Fe-Cr alloy was detected in sample CAR2. The EDS spectra is shown in 
figure 2.3. EDS analysis indicates that this metal is approximately 40% Cr and 55% 
Fe, with 0.5% Si and possibly a small amount of 0. The overlap between Cr L bands 
and 0 K bands makes the oxygen determination difficult, though. WDS gives a high 
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Fe-Cr ratio, at about 10% Cr and 60-70% Fe, with totals significantly below 100%. 
This is probably due to an undermeasurement of the Cr. In both methods the Ni and 
Co are below their respective detection limits, which are about 110 ppm for WDS. 
The lack of Ni rules out the possibility that the metal is a stainless steel contaminant. 
Results are shown in table 2.4, and a backscattered electron image of the inclusion is 
shown in figure 2.4. 
Figure 2.2. A luminoscope Cathodoluminescence (CL) image of carbonado B-2. 
Diamond luminescence is orange or yellow in color, and this picture shows the 
dimmer blue-green luminescence caused by the REE's Tb and Dy, which are the 
principal CL activators in the rare earth phosphates that occupy these pores. The 
black areas are zones where radiation damage has quenched the CL response of 
the diamond, an effect described in section 2.2.2. Field of view is approximately 1.5 
mm. 
Although metallic phases are not typical of inclusions in diamonds from 
kimberlite, they are not unknown. Diamonds containing Cr and Fe-Cr-Ni metals have 
been reported from Chinese kimberlite pipes (Gorshkov ~t al., 1997). Interestingly, 
Gorshkov et al. (1997) also reported an epigenetic florencite inclusion in diamond with 
a Ba, Ca, Sr, Pb crandalite component similar to that reported in section 2.1.2.3. 
2. 1.3 Isotopic ratio of florencite Pb 
Due to ongoing debate about the significance of the pore minerals, and in 
particular, the REE phosphates, to carbonado genesis, the lead isotopic composition of 
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the florencite in samples CAR-16 and CAR-2 was measured. Because the florencite in 
both of these samples had a Pb content of between 2 and 7% in the form of a 
plumbogummitic solid solution (PbA~(P04)(HP04)(0H)6), this analysis was easily 
done on florencite crystals in situ, using the SHRIMP II ion probe. Methods are given 
in Appendix A.2.3, and the results are shown in table 2.5, below. The significance of 









0 2 4 6 8 
Kev 
Figure 2.3. EDS spectra of metallic Fe-Cr alloy. 
Table 2.4. Comparisons of EDS and WDS analyses of Fe-Cr metal alloy. The 
oxygen measurement is a maximum, as the overlap from the Cr L band has not 
been corrected. The WDS measurements probably undermeasured Cr, and this 
ma account for the low totals. 
Metal EDS WDS 1 WDS 2 WDS 3 
Fe 53.48 70.07 63.01 63.64 
Cr 38.09 10.12 9.6 8.72 
Si 0.28 0.45 0.44 0.22 











<0.01 <0.01 <0.01 
<0.01 <0.01 <0.01 
0.14 0.38 0.15 
<0.01 0.02 0.01 
0.04 0.02 0.04 
<0.01 <0.01 0.01 
80.99 73.36 72.88 
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Figure 2.4. An SEM backscattered electron image of the Fe-Cr metallic alloy 
inclusion found in carbonado CAR-2. This image is a close-up of the area shown in 
figure 2.1. 
Table 2.5. Pb isotopic compositions of lead in florencite. Measurements were done 
u_sing the SHRIMP II ion micrqErobe. 
Pb isotopes Isotopic ratio Error 1 cr CAR:1S,-pore1 _________________ _ 
206Pb/204Pb 18.42 0. 011 
207Pb/204Pb 15.7 0.005 
208Pb/204Pb 38.65 0.058 
CAR-16, pore 2 
206Pb/204Pb 18.23 0.024 
207Pb/204Pb 15.63 0.005 
208Pb/204Pb 38.4 0.076 
CAR-2pore1 
206Pb/204Pb 18.48 0. 049 
207Pb/204Pb 15.64 0.049 
208Pb/204Pb 38.95 0.071 
CAR-2 pore2 
206Pb/204Pb 18.49 0. 008 
207Pb/204Pb 15.61 0.002 
208Pb/204Pb 38.81 0.046 
2.1.3.1 Comparison with previous lead isotope studies 
Bulk carbonado contains two lead isotopic populations (Ozima and Tatsumoto, 
1997). The first of these is a modern common Pb component, which can be removed 
from the carbonado by intense acid leaching. As is shown in figure 2.5, this leached Pb 
has a similar isotopic composition of Pb in florencite presented in table 2.5. The 
second lead population is radiogenic, and cannot be leached out of carbonado (Ozima 
and Tatsumoto, 1997). 
Because the Pb in florencite is modern and common, this mineral most likely 
formed recently, in the tropical weathering environment to which carbonado was 
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subjected after erosion and transport to the placer deposits from which it is mined. 
The similarity between the results of this study and the leached Pb previously 
reported (Ozima and Tatsumoto, 1997), suggests that florencite is the source for the 
lead leached from carbonado studied by Ozima and Tatsumoto (1997). The source of 
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Figure 2.5. Isotopic composition of florencite Pb, compared to the previously 
reported isotopic composition of Pb leached from carbonado, and the Pb isotopic 
composition of bulk carbonado (Ozima and Tatsumoto, 1997). The similarity in 
isotopic composition between florencite and the leachate suggests that florencite 
may have been the host of the leached lead. 
2.2 Radiation damage 
2.2.1 Previous studies of Radiation Damage 
There is considerable evidence that carbonado has been subjected to high levels 
of radiation (Milledge et al., 1996; Ozima and Tatsumoto, 1997; Ozima et al., 1991). 
The presence of Kr and Xe isotopes derived from spontaneous fission (Ozima et al., 
1991) suggests that this radiation damage was caused at least in part by U, because 
238U is the only naturally occurring alpha particle emitter that also undergoes a 
detectable amount of spontaneous fission. In addition, Milledge (1998) reports 
radiation halos in carbonado that correspond to U, not Th decay. 
A minimum U concentration for carbonado can be determined both from the 
He concentrations and from the concentrations of fissionogenic 136Xe measured by 
Ozima et al. ( 1991 ), using equation 1. 




Where Ar is the decay constant for spontaneous fission, A. is the decay constant 
for alpha decay, Nxe is the amount of 136Xe in the sample, %Xe is the yield of 136Xe 
from spontaneous fission of 238U, and U 0 is the original amount of uranium. The values 
used here are: %Xe= 0.06 (6% ), Ar= 8.46 x 10 -17 yr·1, and A,= 1.55 x 10 -10 yr·1• 
Using data from Ozima (1991), their sample Africa 90706 had a 136Xe/130Xe 
ratio of730, and a 130Xe abundance of 0.21x10-12 cm3/g. This gives 6.83 x 10-15 moVg 
excess 136Xe. 
Using a range of estimated ages from literature, the original U concentration 
for that carbonado is derived. For an age of 1.5 Ga (the estimated age of the 
sediments with which carbonado is associated) the calculated U concentration is 238 
ppm. For an age of 2.5 Ga (near the younger age limit of the carbonado from 
Ozima (1997)) it is 154 ppm, and for 3.5 Ga (the older limit from Ozima (1997) ), 118 
ppm. These are bulk carbonado compositions, so if the U was concentrated in a 
particular part of the carbonado (e.g. the pores), the concentration there would be as 
much as an order of magnitude higher. No studies of the distribution of radiation 
damage in carbonado have been published to date. An estimate of the concentrations 
of U and Th from implanted 4He gives values of hundreds to thousands of 
ppm (Shelkov et al., 1998). 
This model assumes that all 136Xe produced was trapped in the carbonado, so 
this is a minimum estimate. The actual concentrations were probably much higher, as 
only noble gasses implanted into the diamond matrix during spontaneous fission or 
alpha decay would have survived subsequent alteration, weathering, and sample 
cleaning procedures (Ozima et al., 1991) . Although no data exists for the loss of 
heavy noble gasses from carbonado during sample preparation, crushing and cleaning 
procedures released more than 70% of the helium in some carbonado (Zashu and 
Hiyagon, 1995). 
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Because carbonado today contains no more than 5 ppm U (Ozima and 
Tatsumoto, 1997) , the U responsible for the excess Xe must have been removed. 
However, the timing and mechanism whereby this occurred is not known. Similarly, it 
is not known whether or not the U was present with the carbonado at the time of 
formation, or whether or not it was later deposited into the carbonado. Because 
irradiation produces distinctive luminescence centers in diamond (Collins, 1983), 
cathodoluminescence and photoluminescence can be used to constrain which parts of 
the carbonado were subjected to radiation. 
2.2.2 Cathodoluminescence evidence for radiation damage 
Radiation damage in diamond can be detected with cathodoluminescence (CL), 
because ionizing radiation causes damage to the crystal structure of diamond. This 
damage gives rise to optical centers that luminesce at different frequencies than color 
centres that are unrelated to radiation damage. Severe radiation will quench these 
optical centers, so that severely damaged diamond will be CL dark. CL was generated 
in an SEM or a luminoscope, using the methods described in appendix A.2.4. 
2.2.2.1 CL spectra 
Figure 2.6 shows the spectra of three different areas that appear green, yellow, 
and red, respectively, in CL. Although these spectral features are more easily 
identified using photoluminescence, and are discussed in detail in section 2.2.3, it is 
important to note that most variation in observed optical CL color is simply the ratio of 
these three peaks. Because at least two of the three are a result of radiation damage, 
as identified below and previously described (Kagi et al., 1994), it is apparent that 
most of the observed cathodoluminescence in carbonado is a result of radiation 
damage. CL images also reveal certain patterns that are characteristic of radiation 
damage. Thus CL is a useful technique for identifying the previous location of 
radioactive material in these diamonds. 
2.2.2.2 Bull's eye features 
Figure 2.7 is an SEM generated CL image of Brazilian carbonado R-Gl, which 
shows well-developed radiation halos formed by point source radiation 
damage (Mendelssohn et al., 1979). Both light and dark haloes are present, and in 
many cases, the bright haloes are orange, while the surrounding carbonado has a green 
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CL response. A lower magnification color CL picture of the same carbonado is shown 













- . Green 
-Re~ 
Figure 2.6. Cathodoluminescence spectra of carbonado. These three spectra were 
taken from different colored areas of carbonado 81, from Brazil. The observed color 
is listed in the caption and shown by the color of the line. The intensities of these 
lines have been normalized for the purposes of comparison- the red luminescence 
is approximately an order of magnitude greater than the yellow or the green. This 
figure shows that the three colors are all caused by the same luminescence centres, 
and that it is their relative intensities that govern the apparent color. 
The concentric circles of radiation damage are caused by alpha particle damage 
to the diamond structure. Because the alpha particles released at different steps in the 
U or Th decay sequence have different characteristic energies, different radionuclides 
give rise to different halo patterns (Mendelssohn et al. , 1979). Although the haloes in 
carbonado are generally not well preserved enough to accurately determine which 
nuclide formed them, the bright, large 212Po decay ring characteristic of the Th decay 
series is generally not identifiable in carbonado. This suggests that these are U series 
decay halos, and they were identified as such by Milledge (1998). 
Although 11 of the 21 carbonado specimens studied exhibit bulls-eye haloes, 
the haloes shown in figure 2.7 are among the best preserved. Similar features are 
visible in carbonado from the CAR, and are shown in figure 2.9. More often, these 
haloes are in the form of a single dark ring, 20 to 30 µm across. Because carbonado is 
known to contain numerous REE phases (see section 2.1.2), the possibility that these 
haloes are from alpha decay of 147Sm should be considered, especially since some of the 
florencite in these carbonados contain as much as 0.6% Smz03• However, the alpha 
particle generated by 147Sm decay has an energy of only 2.3 MeV, far smaller than that 
C. W. Magee, Jr. Epigenetic alteration of carbonado 36 
of any of the decay steps in the Th or U series. As a result, it would have a penetration 
distance of less than 5 µm, and thus can not be responsible for a 20 µm diameter halo. 
Therefore, the haloes that lack distinctive features are presumably caused by the same 
decay chains as the haloes that can be measured. 
Figure 2.7. An SEM generated CL image of carbonado RG-1, from Brazil, showing 
haloes from radiation damage from alpha particles released during U series decay. 
The feature in the upper left hand corner is the edge of a pore, and the dark, jagged 
lines visible in most of the CL light areas are grain boundaries. These, and the 
carbonado microtexture, are discussed in chapter 4. 
2.2.2.3 Pore Halos 
Radiation damage haloes in carbonado are not limited to point sources. In fact, 
the vast majority of radiation damage haloes are associated with pores in carbonado. 
These can take the form of a change in CL color, as shown in figure 2.10, and change 
in intensity, as shown in figure 2.11, or most often, a complete CL quench, shown in 
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figure 2.12. These haloes usually extend 20-30 microns from the pore edge, a distance 
which corresponds to the alpha penetration distance in diamond from U series decay. 
Figure 2.8. A luminoscope photograph of carbonado RG-1. Field of view is 
approximately 1 mm. This picture shows the distribution of radiation haloes and 
color variations in this sample. 
The features strongly suggest that the pores of carbonado contained a U-
bearing phase, and alpha particles from U decay strongly irradiated the diamond 
surrounding these pores, producing the observed CL features. Most of these pores are 
now empty, but some, such as those seen in figure 2.11 or figure 2.2 show blue or 
green luminescence in the pore itself, which is the CL response of the heavy REEs in 
florencite (Mariano, 1989). Further evidence supporting radiation damage as the cause 
of these dark haloes is presented in section 2.2.3.3. of this chapter. In some cases, 
small pores seem to have haloes intermediate between the dark pore haloes and the 
bulls eye haloes that are a result of point radiation sources. An example of one of 
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these is shown in the upper right-hand corner of figure 2.7, where a dark, slightly 
elongated halo has additional bright bands around its periphery. 
Figure 2.9. SEM generated cathodoluminescence image of carbonado CAR-11. 
This image shows multiringed radiation damage halos similar to those shown in 
figure 2. 7. Field of view is approximately 230 µm across. Grain boundaries are also 
visible. 
Figure 2.10. A luminoscope photograph of carbonado CAR-21 , from the Central 
African Republic. Field of view is 0.9mm. The pores in this carbonado show orange 
C. W. Magee, Jr. Epigenetic alteration of carbonado 39 
CL around their rims, which contrasts with the green response from the rest of the 
carbonado. 
Figure 2.11. A luminoscope photograph of Brazilian carbonado RE-1. This image 
shows the CL around numerous pores, with some showing slight brightening, many 
showing darkening, and a few showing completely quenched haloes. This image is 
approximately 0.5 mm across. 
It is known from the work of Ozima (1991) that fissionogenic Xe, Kr, and He 
from alpha decay have been implanted in the diamond lattice. These CL images 
suggest that the primary areas where this has occurred are the CL dark haloes that are 
mainly found surrounding carbonado pores. It is interesting to note that the exterior of 
carbonados are also often dark in CL, suggesting that radiation damage may also have 
come from outside the carbonado. 
2.2.2.4 Channels 
Although the features described previously show that carbonado has been 
effected by radiation damage from uranium decay, and that the radioactive material 
responsible was mostly contained in the pores, they do not show how it got there, or 
what has since happened to it. Because U in its most oxidized valence state (6+) is 
soluble as (U02)2+, it would be reasonable to suspect aqueous transport as a potential 
mechanism for emplacing and removing the uranium. Luminescence features that look 
like channelways are present in carbonado. Figure 2.13 shows a network of 
interconnecting lines of darkened CL response that connect with pores. A few of these 
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lines even have bulls eye haloes located along them, suggesting radioactive materials 
were deposited in these channels. 
Figure 2.12. A luminoscope photograph of carbonado CAR-17. virtually all the 
pores in this sample are surrounded by thick, completely quenched haloes. Several 
bull's eye haloes are also visible. Field of view is approximately 1.2 mm. 
Figure 2.13. A SEM CL image of carbonado CAR-2. A scale bar is shown. The 
image shows an area of this carbonado, with pores that CL haloes around them 
showing either increased or quenched luminescence. Connecting these pores is a 
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network of CL darkened squiggly lines. There are a few bull's eye haloes centered 
on these lines. These lines are interpreted as flow channels that transported U 
bearing fluids. The bull's eye halos were produced by precipitation of U in sub-
micron sized pores, while the large haloes around the pores are a result of radiation 
damage from U deposition in these pores. Although these lines may be following 
some grain boundaries, the grainsize is much smaller than the bright areas between 
the lines. 
Note that these lines are not grain boundaries: the grain-size is much smaller 
than the size of the bright areas enclosed by these lines, as shown in figure 2.14. The 
association of bull's eye haloes with cracks was also noted by Milledge et al. (1998) in 
one of the carbonados described in that study. 
Figure 2.14. A high magnification SEM CL image of carbonado CAR2. A scale bar 
is shown. This picture shows that the dark lines are actually a series of small 
darkened spots, that run along certain grain boundaries. The grainsize, shown 
clearly here, is much smaller than the size of the bright areas bounded by the dark 
lines. Once again, most pores show CL quench haloes, but the very small pores 
(on the scale of the grainsize) do not. Given the irregular shape of these pores, it is 
possible that they were formed during the polishing process by grains being plucked 
out of the carbonado matrix. 
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2.2.2.5 Radiation damage along cracks 
One of the specimens retrieved during the field excursion to Bahia, Brazil shows a very 
different textural and luminescence pattern compared with the other 20 carbonados 
studied. As a result, it may not be a typical carbonado, but could rather be one of the 
"outlier" stones such as the isotopically heavy carbonados previously described in 
isotopic studies (Kamioka et al., 1996; Shelkov et al., 1997). 
The most unusual feature of this carbonado is its extremely large crystal size, 
and the preservation of what appear to be original CL features in this stone, which in 
some cases are not affected by radiation damage. The features will be discussed in 
more detail in chapter 4. The importance of them to demonstrating subsequent 
radiation damage is that in many parts of the carbonado, these original features are 
overprinted by radiation-induced CL. One example of this is shown in figure 2.15. 
The radiation damage along this crack produces both green and orange CL responses. 
These images clearly show that uranium was present in the cracks in this diamond. 
2.2.3 Raman and Photoluminescence 
2.2.3.1 Previous work 
Photoluminescence and Raman spectroscopy also provide crystallographic 
information on carbonado. Raman spectra of carbonado exteriors were measured by 
Knight and White (1989). These showed that the peak width in carbonado is about 
50% wider than in synthetic or natural monocrystalline diamond, but 5-10 times 
narrower than peak widths in CVD or meteoritic (ureilite) diamonds, and much 
narrower than the Raman bands of impact produced diamonds (Knight and White, 
1989; Miyamoto et al., 1993). Because the Raman peak shape and position is related 
to the vibrational frequency of the diamond lattice, a broader peak corresponds to a 
strained crystal structure. No mention of the Raman peak position variation was given 
by Knight and White (1989), and neither were grain-to-grain variation or interior 
variability mentioned. These studies and their significance are described in chapter 4. 
As is noted in Appendix A.2.5, photoluminescence and Raman studies are done 
with the same equipment. This is because in diamond that contains optical centers, the 
laser light that stimulates the Raman response will also generate PL. In fact, Kagi et 
al. (1994) reported that they could not observe the Raman band in a PL study of 37 
CAR carbonados. However, they did gain valuable information from the PL spectra. 
C. W. Magee, Jr. Epigenetic alteration of carbonado 43 
Figure 2.15. An SEM CL image of carbonado L-5, collected near LenQois, Bahia 
state, Brazil. This carbonado has extremely large grains, and the entire image is 
one diamond crystal. The fairly dark, polygonal shapes stretching from the top 
center-left to the lower right of the image are blue CL features that are probably 
related to the growth of this diamond. A prominent crack stretches from the top right 
corner to the bottom of the image. The crack exhibits radiation damage along its 
edges, with bright CL response overprinting the original texture. Closer to the crack, 
the CL response is quenched, resulting in a dark band. Smaller cracks radiating off 
of this crack show light CL from radiation damage, and a well-developed dark bull's 
eye halo with bright outer rings is visible on the right side of the image. The 
radiation damage in this image is green and orange in CL. The dark vertical feature 
protruding up from the bottom of the image to about the middle is a groove in the 
diamond surface caused by polishing. 
Like CL spectra, PL spectra can be used to identify the defects that are causing 
the luminescence, and in some cases these defects can be linked to geological 
processes. In their study of CAR carbonado, Kagi et al. (1994) detected two main 
types of luminescence. The first, which they called type A, was dominated by a 504 
nm peak which they identified as the 3H defect center. The second, type B, was 
dominated by the 575 nm peak, and is thought to be associated with the N-V center. 
Carbonados showing both types of luminescence were considered type AB. Although 
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all of these measurements were done on exterior surfaces of stones, "several" 
carbonados were crushed, and the fragments from any one stone all exhibited the same 
luminescence. Thus it was reported · that the PL of a given carbonado is 
homogenous (Kagi et al., 1994). This observation contradicts the CL data in this 
study, much of which show' that large variations exist in CL spectra within a single 
carbonado, and sometimes within a single crystal (see figure 2.6) The Raman and PL 
response of eight CAR and two Brazilian carbonados was examined. 
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Figure 2.16. A PL spectrum of carbonado 62, taken at AGSO. The wavelength is 
in units of wavenumbers, so that the Raman band can be found. It is barely visible 
at 1330, and as this figure shows, it is dwarfed by the PL response, as it is 
practically indistinguishable from the PL scatter. The illuminating light for this 
spectra was 488nm. 
2.2.3.2 PL interference with Raman 
Raman and PL are both generated by illumination with monochromatic light, as 
is described in appendix A.2.5. This can cause interference between the Raman and 
the PL, as was previously reported by (Kagi et al., 1994), who found that the PL 
response often interfered with the detection of the Raman peak. Figure 2.16 shows a 
spectrum where the Raman peak is barely detectable due to a huge PL response. Only 
three of the carbonados studied, CAR-24, CAR-17, and Bl, had Raman bands that 
were distinguishable enough to be measured. 
2.2.3.3 Raman spectroscopy of a radiation damage halo 
In order to determine whether any detectable change occurrs in the Raman 
close to pores surrounded by CL dark halos, Raman spectra were taken from 
carbonado B 1 at intervals along a transect moving away from the CL halo in figure 
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2.17. Carbonado B 1 was chosen because it has relatively dim PL, and there was little 
or no PL interference with the Raman bands for this set of measurements. As is shown 
in figure 2.18, the closer the measurement was to the pore, the wider and less intense 
the Raman band was. All of the bands from areas of the carbonado inside of the halo 
are broader and less intense with respect to the spot farthest from the pore, and just 
beyond the edge of the CL dark halo. 
Figure 2.17. SEM generated image of carbonado B1. Textural aspects of this 
carbonado are discussed in chapter 4. This image is provided to show locations of 
PL and Raman measurements. The locations of Raman spectra shown in figure 
2.18 are numbered 1-4. The location of the PL spectrum shown in figure 2-19 is 
labelled 'T'. 
These measurements are consistent with increasing porewards crystal lattice 
damage resulting from a radiation source located in the pores which emitted energetic 
particles with a penetration distance of approximately 30 microns. This is similar to 
the penetration distance for uranium-related alpha particles and fission decay products 
in diamond (Daulton and Ozima, 1996; Mendelssohn et al., 1979). 
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Figure 2.18. Raman spectra of a radiation darkened halo in Brazilian carbonado 
B 1. These Raman spectra were taken at the positions shown in figure 2.17. They 
show that the Raman band is weaker and wider close to the pore. The distances 
listed are the distance from the pore to where the measurement was made. These 
measurements suggest that the crystal lattice has been damaged close to the pore, 
and are consistent with radiation damage from a source inside of the pores. 
2.2.3.4. Lack of Raman spectra for non-diamond carbon species 
Raman spectroscopy is used by material scientists to detect non-diamond 
carbon species in synthetic diamond, especially CVD diamond. This is because most 
other forms of carbon give a Raman response that is many times more intense than that 
of diamond, so that only a few percent of non-diamond carbon will be easily detectable 
using Raman spectroscopy (Knight and White, 1989). Despite the assertion that the 
black color of carbonado is due to the presence of graphite or amorphous carbon (Kagi 
et al. , 1994; Trueb and Butterman, 1969), no Raman lines for lonsdaleite, graphite, or 
amorphous carbon were detected in any of the carbonados studied. 
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Figure 2.19. PL spectrum of carbonado 81, taken from a CL dark halo close to a 
pore. This spectrum shows no PL of any kind, as the background for this instrument 
is in the 50-100 range. Compare this to figures 2.24, 2.26, and 2.16, which were 
measured under the same conditions and show orders of magnitude more counts. 
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This may be caused by extreme radiation damage, as the Raman band is also 
absent, similar to the near-pore Raman measurement shown in figure 2.18. 
However, there are some areas of carbonado that give no Raman or PL 
response at all. In the "2 µm" Raman peak shown in figure 2.18, the Raman peak is 
just barely visible, and in figure 2.19, no Raman or PL is observed. The spectrum 
shown in figure 2.19 was taken at the point marked "T" in figure 2.17. While these 
spectra are difficult to interpret, it is possible that they indicate diamond where the 
lattice has been damaged to the point where there is no longer any characteristic 
phonon energy due to broken bonds and distortions caused by interstitial atoms. While 
most amorphous carbon has a Raman signature, this is because most forms of 
amorphous carbon consist of molecule-like segments, each of which has characteristic 
bond energies and vibrational frequencies. These would not necessarily be present in 
carbon that was severely damaged by radiation from U decay. 
Figure 2.20. Exterior photograph of carbonado CAR-1. This picture, taken with a 
binocular microscope, shows some of the unusual surface textures found on many 
carbonados. Scale bar gradations are 500 µm. The left side of the picture shows 
the glassy black surface texture, while the right side shows an uneven, reddish-
brown surface that has what has been described as a "cantaloupe-like" 
texture (Haggerty, 1998). It is possible to interpret the black glassy texture as 
overprinting the cantaloupe texture. 
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Several other Raman and PL dead spectra were obtained from the exteriors of 
various CAR carbonados, but these results were not recorded because the significance 
of them was not appreciated, and it was thought that the lack of a polished surface 
might be interfering with the measurements. However, the lack of diamond Raman 
response on the exterior of the grains may provide an explanation for the enigmatic 
exterior texture of carbonado. 
Figure 2.21 . Exterior photograph of carbonado CAR-24. The scale bar has half mm 
gradations. This picture shows the slightly rounded, frosted end of this carbonado. 
This texture is probably caused by wear in a high energy sedimentary environment 
in which carbonado is found. However, as is shown here, the pores in this surface 
exhibit a shiny, glassy, texture and black color similar to part of the exterior of CAR-
1 , as is shown in figure 2.20. Most of them are also partially filled with a white pore 
mineral, possibly kaolin. Because of the evidence given in the rest of this chapter 
that most pores contained radioactive inclusions for a significant portion of 
carbonado's history, it seems reasonable that this glassy texture may be caused by 
severe radiation damage to the carbonado diamond. 
Figure 2.20 shows the exterior of carbonado CAR-1. The unusual 
exterior textures have been previously described as deriving from a "highly 
unequilibrated process" (Shelkov et al., 1998) or being "melt-like" (Haggerty, 1998). 
In contrast to these strange textures, carbonado CAR-24 has rounded, frosted corners 
and edges, suggesting that this carbonado was subjected to a high energy sedimentary 
environment (figure 2.21). However, as is shown in figure 2.21, the exterior pores of 
this carbonado still retain the shiny black texture shown on the exteriour of arbonado 
CAR-1 in figure 2.20. This texture also seems to be present in the interior pores, 
C. W. Magee, Jr. Epigenetic alteration of carbonado 49 
although pore minerals and the brightness of the polished diamond surface in reflected 
light make photographing this almost impossible. The presence of this texture in 
pores, its "glassy" appearance, and the difficulty obtaining Raman spectra from 
carbonado exteriors and near-pore grains, suggest that this texture may be the result of 
severe radiation damage to diamond by radioactive minerals present in the pores and 
on the exterior of carbonado. 
Kagi et al. (1994) identified two luminescence systems in carbonado, the 3H 
and the 575 nm centers. The 575 nm center is also observed in this study, and an 
example of this system is shown in figure 2.22. This center is attributed to a N-V 
defect in the diamond lattice, where one or more vacancie is adjacent to a 
nitrogen (Collins and Lawson, 1989). Such a defect is illustrated in figure 2.23. A 638 
nm band, which is also attributed to the N-V defect (Collins, 1992), was also observed. 
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Figure 2.22. Photoluminescence spectrum from carbonado 81. This spectrum, 
taken at -180 °C, shows the 575 nm band with its associated higher phonon peaks, 
and the 638 nm N-V center band, with some associated higher phonon peaks. The 
illuminating wavelength was 514 nm. This spectrum was taken at Melbourne 
University. 
Figure 2.23. The N-V defect. The 575 nm and 638 nm photoluminescence bands 
are attributed to a lattice defect consisting of a single nitrogen and a vacancy. The 
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575 nm band may be associated with more than one vacancy, however (Collins and 
Lawson, 1989). 
2.2.3.5. Identification of PL lines. 
In those carbonados that show green CL, a 504 nm peak, with a broad higher 
phonon absorption, was observed (figure 2.24). Although Kagi et al. (1994) also 
identified a 504 nm peak, their PL spectra lack the higher phonon absorption. They 
assigned the peak they observed as the 3H defect. However, our spectra more closely 
resemble the H3 center, which Milledge et al. (1998) also identified in carbonado using 
CL. The difference between the higher phonon regions of these color centers is shown 
in figure 2.25. Like the 3H defect, the H3 defect can be produced by radiation 
damage, but it is also found in strained or unirradiated diamonds (Collins, 1983). 
Unlike the 3H defect, the H3 defect does not form N-V centers when annealed above 
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Figure 2.24. PL spectrum of carbonado CAR-16. This shows a small PL peak at 
approximately 506 nm, which is associated with a much larger broad, lower energy 
hump. Although the zero phonon band is small, the overall shape of this defect is 
fairly consistent with the H3, and not the 3H luminescence band (see figure 2.25. 
The rise at the left of the figure is caused by measuring too close to the illuminating 
wavelength, which for this sample was 488nm. A small 575 nm peak is also 
present. This spectrum was taken at room temperature at AGSO. 
Photoluminescence of CL dark halos around pores revealed interesting results. 
Figure 2.26 is a PL spectrum taken in the CL dark halo around a pore. These haloes 
are shown in figure 2.2. This spectrum shows a very intense 575 nm feature, and a 
weaker 504 nm feature. However, another PL spectrum taken from a CL dark halo of 
carbonado B 1 (figure 2.17) is shown in figure 2.19. This spectrum shows no CL or 
Raman band. This suggests that the amount of radiation required to quench the PL is 
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greater than that required to quench the CL, so that CL dark halos can still show PL. 
However, in extremely irradiated carbonado, even the PL is absent. 
With the exception of a weak 490 nm band and a 525 nm doublet, no other PL 
lines were identified, although the 520-560nm emission shown in figure 2.27 suggests 
that some other PL center may be present. The 490 band is common to all natural 
nitrogen-bearing diamonds. The 525 nm doublet has not been reported in the 
literature, but because it was only detected in one measurement, and it was not 
possible to repeat the detection of this band, it will not be discussed further. 
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Figure 2.25. The 3H and H3 defects. This figure, from Collins (1983), shows that 
although the zero phonon bands for the 3H and H3 centres are located at 
approximately the same energy, the band shapes are different. These absorption 
spectra were taken at approximately 1 OOK. Because most of the spectra were 
taken at higher temperatures, the peaks are broader, and the higher phonon bands 
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Figure 2.26. Photoluminescence spectra of carbonado 82, taken near a pore in an 
area that is CL-dark. This spectrum is the same as the one shown in figure 2.16, 
but wavelength is shown instead of wavenumber. It shows the dominant 575 nm 
peak and a smaller 506 nm peak. 
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2.2.3.6 Spatial distribution of colors 
Like CL, the intensity of the various lines in the PL spectra was related to the 
CL color. In CL green areas, such as those shown in figure 2.12, the 575 bands are 
small to non-existent, and the 504 nm band and associated broad absorption are the 
main luminescence bands, so that the spectra look like the one shown in figure 2.24 or 
figure 2.28. 
The CL orange areas generally have prominent 575nm and 638 nm bands, and 
these are generally much higher intensity than the green luminescence. An example is 
shown in figure 2.29. The 504 nm peak may or may not be present in these spectra, 
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Figure 2.27. PL of green grain in carbonado 81. This shows a diffuse emission at 
lower wavelength than the 575nm peak. Because the 514 nm illuminating light is 
lower in energy than the 506 nm peak, this cannot be an extension of the higher 
phonon region of the 506 nm peak, as that peak will not be activated by this 
wavelength illumination. There does not appear to be a distinct peak associated 
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Figure 2.28. PL spectrum from carbonado CAR-17. Although the 506 nm peak is 
indistinct in this spectrum, the associated higher phonon broad absorption is still 
present. The prominent "spike" near the top of the broad absorption is the Raman 
peak. Note that the intensity (detector counts) of this luminescence is much less 
than in figure 2.26, despite being taken during the same analytical session. These 
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moderate to low intensities are typical of carbonado areas that appear green in 
luminescence. This spectrum was taken at AGSO using 488 nm illumination. The 
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Figure 2.29. PL spectrum from carbonado CAR-1. This carbonado, which shows 
orange luminescence, has a much larger 575 nm peak than the spectrum in figure 
2.28. A tiny Raman peak is also present. This spectrum was taken at AGSO using 
488 nm illumination. The sample was at room temperature. 
2.2.3. 7 Discussion of photoluminescence data 
Although these PL results are broadly similar to those of Kagi et al. (1994), 
there are some important differences in interpretation and detail. Both studies report a 
504 nm PL band and a 575 PL band, which are present in different proportions in 
different samples. However, the shape of the 504 nm band reported here (shown in 
figures 2.28 and 2.24) has a less intense zero phonon peak and a large, broad higher 
phonon region than their reported 504 nm band had. The Kagi et al. ( 1994) results are 
shown in figure 2.30 for comparison. The broad higher phonon area that is observed 
in this work suggests that this is the H3 defect center. 
None of the spectra in this study resembled the 3H spectra shown by Kagi et 
al. (1994). It is possible that because fewer carbonados were examined here than in 
their study (10, instead of 37), this study did not have any carbonados that exhibited 
the 3H defect. However, this does not explain their failure to find the H3 defect, 
which our measurements show was fairly common. Another possibility is that different 
machines and detectors give different higher phonon responses, causing the same 
feature to look different in different labs. As is stated in the methods section 
(Appendix A.2.5), the spectral measurements presented in this chapter were done at 
two different labs, at two different temperatures 200°C apart, and with two different 
illuminating wavelengths (figure 2.31). Despite this, their results were broadly similar. 
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The similarities of the spectra presented in this thesis despite all of these factors 
suggests that the features observed are not machine or method dependent. Kagi et 




Wavelength, In nm 
Figure 2.30. Photoluminescence spectra of carbonado, from Kagi et al. (1994). 
They ascribe the 504 nm band to the 3H defect center, and the 575 nm band to the 
575 nm system. 
Kagi et al. (1994) do not report the 638 nm N-V defect. Since they only 
analyzed light between the wavelengths of 492 and 614 nm, their analytical technique 
would not have been able to detect the 638 nm center. 
More significant than the disagreement about the identity of the 504 nm defect 
is the distribution of luminescence within individual carbonados. Kagi et al. (1994) 
claimed that by analyzing crushed grains from carbonados, that all grains from a single 
carbonado have similar PL spectra. Results presented here directly contradict their 
hypothesis. Figure 2.32 is from carbonado Bl. It shows the 504 nm system that is 
identified as H3. However, as is shown by figures 2.27 and 2.22, some other grains in 
the same carbonado exhibit the 575 nm system. In general, this study shows that the 
PL is similar to the CL, in that CL green grains are generally dominated by the 504 nm 
system, while CL yellow or red grains always show the 575 nm and 638 nm PL. 
However, some yellow-green grains also show significant 575 nm and 638 nm PL. 
Figure 2.27 is one example. 
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Because figure 2.27 was generated with 514 nm light, the 504 nm band is not 
activated, so this figure cannot be used to compare the relative intensities· of these 
bands. Also, CL dark haloes often show extreme PL in the 575 nm and 638 nm 
systems, as is shown in figure 2.26. However, as shown in figure 2.19, some CL dead 
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Figure 2.31. Photoluminescence of carbonado 81 taken with 472 nm illuminating 
wavelength. This spectrum shows the same 504 nm, 575 nm and 638 nm features 
as those where 488 nm laser light was used. This spectrum was taken at 
Melbourne University at room temperature. 
The following interpretation of carbonado PL also differs from that of Kagi et 
al. (1994). Kagi et al. (1994) anneal those carbonados that exhibit the 3H center to 
form the 575 nm center. This occurs at temperatures between 400 and 450 °C. Based 
on this, and their observations that all of their carbonado exhibits constant PL, they 
classified carbonado based on whether the 3H or 575 nm band dominated the 
spectrum. The lack of a 3H band in any of the observations presented here offers no 
support for the annealing theory. Even if the identification of the 504 nm band is 
incorrect, and the 504 nm PL that is reported here is the 3H center, these PL results 
still contradict the classification scheme of Kagi et al. (1994). This is because samples 
B 1 and CAR-16 were shown to have PL that varied with location, with either the 504 
nm or the 575 nm bands dominating the spectra from different parts of the grain. In 
addition, 9 of the 21 carbonados that were studied show green and orange CL in the 
same grain, and a strong correlation between CL color and PL color is shown, as the 
same color centers are activated with both methods. Due to the high thermal 
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conductivity of diamond (see table 1.1), it is impossible for different parts of a single 
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Figure 2.32. Photoluminescence from a CL green grain in carbonado 81. This 
shows that unlike spectra taken from other parts of this carbonado, the 575 nm 
luminescence does not dominate this spectrum. This spectrum was taken at AGSO 
using 488 nm illumination. The sample was at room temperature. 
The observations presented here suggest that either pre-existing structure or 
amount of radiation damage are the factors that effect CL and PL spectra. Figures 2.8 
and 2.10 show carbonado grains where longer wavelengths are associated with pores 
and radiation damage haloes. Figure 2.33 shows an example where pre-existing 
textural features govern the luminescence spectra. If post-irradiation residence 
temperature was the variable governing luminescence response, as Kagi et al. (1994) 
suggest, all of these carbonados would have constant luminescence spectra, and the 
observed color contrasts would not exist. 
2.3 Synthesis of post formational features 
The inclusion and luminescence data can be used to describe the post-
formational history of carbonado. Because irradiation and supracrustal minerals can 
both be shown to be epigenetic, theories of formation that rely on these data (De et al., 
1998; Kaminsky, 1987) become less robust. 
2.3.1 Summary of observations 
Several of the minerals most often reported in carbonado were once again 
detected in this study. These minerals, and most of the other minerals described in the 
literature (De and Heaney, 1996; De et al., 1998; Koeberl et al., 1997; Trueb and de 
Wys, 1969; Trueb and de Wys, 1971; Yokochi et al., 2000), can be broken down into 
two broad categories: The first category consists of regolith minerals such as clays, 
hydrated REE phosphates, quartz, and iron oxides and hydroxides. The second 
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consists of reduced minerals such as transition metal alloys and SiC. Only this second 
group can be in chemical equilibrium with elemental carbon, as many of the regolith 
minerals contain sulfates and/or ferric iron. 
Figure 2.33. A luminoscope image of carbonado R-E7. This sample shows a 
textural control of CL, where different grains have different CL colors. Despite this, 
the pores still show minor CL quenching and reddening, presumably from radiation 
damage. Field of view is 1 mm. The small, blue dot in the pore on the left is a 
particle of diamond polishing grit left over from the polishing process. 
Previous reports of a long history of radiation exposure point to the presence 
of radioactive elements, primarily uranium, in carbonado prior to erosion, transport, 
and collection (Milledge et al., 1998; Ozima and Tatsumoto, 1997; Ozima et al., 
1991). The CL data presented in this study suggests that these elements were located 
in the pores of carbonado, and were removed, and possibly emplaced, by fluids. The 
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timeline and history presented below summarizes the most likely course of events to 
explain all of these features. 
2.3.2. Chronology of epigenetic alteration of carbonado 
The chronology of the epigenetic alteration of carbonado, and the evidence 
supporting this, is listed below. 
2.3.2.1 Formation of carbonado in equilibrium with reduced phases 
Although some of the metallic transition metal alloys, such as the Fe-Cr alloy 
described in section 2.1.2.5, are found in carbonado pores, some of those reported in 
the literature are in the form of inclusions within diamond crystals (De et al., 1998). 
This is strong evidence that these minerals are related to the formation of the 
carbonado, as is the fact that they are stable within the same range of low f02 as is 
diamond (althgh they are not necessarily stable with respect to mantle minerals, since 
the presence of SiC implies a very low f02). Although only a few pores still contain 
these minerals today, it is probable that the pores were originally filled with these 
minerals, as the high pressures associated with most forms of diamond genesis 
preclude empty pore space. There is no geochronological constraint on when these 
minerals formed, but it is likely to be the time of carbonado formation. 
2.3.2.2 U mineralization replaces reduced phases through fluid flow. 
As is described in section 2.2 and in previous studies (Ozima and Tatsumoto, 
1997; Ozima et al., 1991), carbonado has been subjected to radiation damage, and the 
source of that damage was probably uranium contained in the carbonado pores. 
Section 2.2 and other studies (Milledge et al., 1998; Trueb and Butterman, 1969), have 
shown that these pores are open to the surface, and that U bearing fluids have traveled 
along carbonado grain boundaries or through cracks in the stones. Because most 
uranium deposits are the result of reduction of oxidized groundwater containing 
dissolved U+6, the most probable cause of uranium deposition is a redox reaction 
between the transition metals in the pores and uranium bearing fluids. The time at 
which uranium became associated with CAR carbonado is between 3.6 and 2.8 
Ga (Ozima and Tatsumoto, 1997). Evidence of hydrothermal activity in carbonado 
pores at this time is also supported by the (imprecise) date of 3.18 ± 0.87 Ga obtained 
from quartz inclusions (Y okochi et al., 2000). It is unlikely that uranium was present at 
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the time of carbonado formation, because no U was detected in the intracrystal 
inclusions studied by TEM (De et al., 1998). Also, the extremely low present day U 
content suggests that all the U was in a form that was open to exchange with the 
environment and easily dissolved and removed from carbonado. 
2.3.2.3 Radiation damage occurs 
Uranium then caused radiation damage to the diamond lattice, implanted decay 
and fission products, and caused the lattice defects that give rise to the observed 
luminescence. This occurred over all or part of the remaining 3 billion years, as is 
described in section 2.3.3.3. It is also possible that the exterior texture of carbonado is 
caused by severe radiation damage leading to partial amorphization of the diamond. 
2.3.2.4 Tropical weathering 
The final stage in carbonado alteration is near-surface weathering. All 
carbonado sources are placer deposits in tropical rivers (Derby, 1905; Trueb and de 
Wys, 1971). As a result, it seems reasonable to expect that tropical weathering has 
altered carbonado. This hypothesis is supported by the absence of uranium in 
carbonado despite evidence for it having been there- oxidized ground or surface waters 
can easily have dissolved uranium in the weathering environment, especially if it was 
present as a phase precipitated by a redox reaction. Evidence for these oxidized 
ground waters having effected carbonado includes the iron oxides and hydroxides 
found in carbonado, and the presence of sulfate and ferric iron in carbonado florencite 
(reported both here and by De et al. (1998)). SHRIMP measurements give a modern 
common isotopic signature for the Pb in CAR florencite. This suggests that these 
minerals formed as a result of the most recent erosional cycle. 
2.3.3 Problems with this hypothesis 
There are a few problems with this interpretation of the epigenetic alteration of 
carbonado. However, none of them are sufficiently strong to disprove this hypothesis, 
and many of them are common to all theories of carbonado genesis or alteration. A 
few of them are listed below. 
2.3.3.1 Futility of Sm-Nd dating 
Due to their high contents of REE's, it seems sensible to attempt to date 
carbonado using the Sm-Nd decay system. However, the theory presented here 
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suggests that this would be a futile exercise. The timing of entry of high 
concentrations of REEs into carbonado pores is unconstrained- they could have been 
deposited with the uranium, as U deposits are often enriched in either 
heavy (McLennan and Taylor, 1979) or light REEs (Leventhal et al., 1987). 
Alternatively, they could be recent. The Pb isotope data presented in section 2.1.3 
doe~ not constrain the REEs, as the Pb has been introduced to the carbonado pores 
recently, and could have reacted with whatever phase contained the REEs to produce 
florencite. Thus, we predict that the Sm-Nd date for carbonado should lie between 0 
and 3.3 Ga, the date of U deposition, according to Ozima and Tatsumoto (1997). 
Because the vast majority of rocks on earth fall into this age bracket, a Sm-Nd study 
was not considered useful. 
2.3.3.2 Uranium mobilization in the Archean 
If the uranium was deposited in carbonado pores by redox reactions between 
3.6 and 2.8 Ga (Ozima and Tatsumoto 1997), then there must have been oxidized 
groundwater present to dissolve the uranium. Because the Earth's atmosphere is 
generally believed to have been reducing at this time, the presence of oxidized 
groundwater is difficult to explain. However, there is some evidence that the Archean 
atmosphere may have been oxidizing. Ohmoto (1997) suggests that the Archean 
atmosphere was oxidizing, due to the absence of sulfides in Archean sediments, the 
fractionated sulfur isotopes of Archean sediments, and oxidation in early paleosols. 
Recent sulfur isotope research suggests that oxidiing conditions existed on a local scale 
as early as 3.4 Ga (Shen et al 2001). 
Although oxidized Archean atmosphere supported by Ohmoto ( 1997) is 
contentious, a reduced Archean atmosphere is a problem for any theory of U 
concentration in carbonado. As was argued in section 2.3.2.3, it is unlikely that 
carbonado formed in the presence of uranium, so it must have therefore been 
subsequently precipitated. The geochronology of Ozima and Tatsumoto (1997) and 
Y okuchi et al (2000) both suggest that this happened in the Archean. 
2.3.3.3 Multiple sedimentary cycles 
Another cause of concern is that carbonado weathers from sedimentary rocks 
that are believed to be of middle Proterozoic age (Sampaio et al., 1994). However, 
there is no evidence for weathering, or a change in carbonado pore mineral chemistry, 
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at this time. It is possible for all of the U damage to have been completed before the 
first sedimentary cycle, and this is consistent with the Pb isotopic composition of CAR 
carbonado (Ozima and Tatsumoto, 1997). This would require even higher minimum 
uranium concentrations than those estimated in section 2.2.1. 
2.3.3.4 Relative ages of U deposition and the Sao Francisco craton 
The final problem related to the antiquity of the age for U deposition. This 
age, 3.3 Ga, is not much younger than the age of the oldest rocks in the Sao Francisco 
craton, which are between 3.4 and 3.6 Ga (Teixeira and Figueiredo, 1991). In order 
for carbonado to have been infused by uranium-bearing fluid in the crust, that crust 
must have formed prior to the age of U deposition. Because the carbonado source is 
unknown, it is difficult to address this question directly. However, it is possible to 
determine if sufficiently old rocks exist in the area from which carbonado was 
weathered by undertaking a geochronological study of zircons found in carbonado 
source streams and potential source rocks. The results of such a study are presented in 
chapter 3, "Detrital mineral study of carbonado-bearing streams and related 
sediments". 
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Chapter 3: Detrital mineral study of carbonado-bearing 
streams and related sediments 
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As was shown in chapter 2, many of the mineral inclusions in carbonado are 
epigenetic, and reveal nothing about its source or genesis. Because diamond 
incorporates few elements into its compact crystal structure (Harris, 1987), studying 
the chemistry of the diamond itself reveals little else than what the nitrogen reveals 
about the conditions under which it formed. Finding other detrital minerals related to 
carbonado genesis or emplacement would therefore be useful in determining the 
conditions under which carbonado was formed. This technique might also identify the 
area from which carbonado originated. This chapter presents the results of a study of 
indicator minerals associated with carbonado in the streams of the Chapata Diamantina 
region of Brazil. 
High pressure, high temperature, and mantle minerals are generally not stable in 
the surficial weathering environment (Bowen, 1928). Because carbonado has been 
through multiple sedimentary cycles, and is currently found in tropical stream 
sediments, only those indicator minerals that can survive such an environment will be 
found. There is also evidence that metamorphism may have destroyed some of the 
minerals traditionally used as diamond indicators. The local garimpeiros in Bahia use 
fuchsite (green, chromium-rich muscovite) as an indicator mineral (Christian and 
Ma\:a, personal communication). Fuchsite is indicative of metamorphosed Cr rich 
minerals, some of which may have been of mantle origin. Many diamond indicator 
minerals, such as chromite, chromian garnet, and chrome diopside, all have high 
chromium contents. 
The minerals used in this study are zircon and rutile, which were chosen for 
their resistance to weathering. Rutile can be formed in a variety of environments, and 
its composition can vary significantly as a result. High pressure metamorphic rutile, 
such as that found in the Kokchetav Massif, can contain as much as 1 weight percent 
Al20 3• (JOrg Hermann, pers. comm.). Although rutile is rare in the mantle, it can occur 
in highly metasomatized xenoliths, such as the MARID suite, and mantle rutile is often 
rich in Cr and Nb (Dawson, 1987; Haggerty, 1991), while crustal rutile is generally 
low in Cr (Fett and Brey, 1991). Thus, if rutile with unusual composition can be 
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found, it might be possible to determine whether mantle and/or ultra-high pressure 
crustal metamorphism was taking place in the same drainage as carbonado. 
Zircon is not a common mantle phase, and none of the zircons found are 
expected to be mantle derived. However, zircon is an ideal mineral for geochronology. 
For diamond formed by UHP metamorphism, this can give the age of major 
tectonothermal events likely to produce the necessary metamorphism. For deep 
subcontinental-derived volcanism, the zircon dates can give the age of the bedrock into 
which the magma erupted. By studying the ages of the detrital zircon populations, it 
is possible to determine the age of the bedrock in the area around the earlier (possibly 
primary) carbonado source. This can then be correlated with cratons or metamorphic 
belts of the same age. In order to do this, it is necessary to understand the regional 
geology. 
3.1 Regional and local geology of carbonado deposits 
Brazilian carbonado is found in the middle of the Sao Francisco craton of 
eastern Brazil (Derby, 1905), while Central African Republic (CAR) carbonado is 
found in the northeastern edge of the Congo craton (Feybesse et al., 1998; Trueb and 
de Wys, 1971). These two cratons were connected prior to the Mesozoic breakup of 
Gondwanaland (figure 3.1). The early Archean to mid-Proterozoic geology of these 
cratons is described below, as is the local geology in the areas from which samples 
were collected. 
3.1.1 Overview of the Sao Francisco-Congo craton 
The Sao Francisco craton comprises the entire state of Bahia, Brazil, and much 
of the Rio Sao Francisco drainage in northern Minas Gerais state. It contains the 
oldest rocks in South America (Martin et al., 1997). The extent of the West Congo 
Craton is less well known due to sedimentary cover in the central part of Africa, but it 
seems to include much of western Angola, Gabon, Congo, Equatorial Guinea, 
Cameroon, and the western parts of the CAR and the DRC (Democratic Republic of 
Congo, or the former Zaire). The Archean and early Proterozoic geology of these 
areas is presented below, with the emphasis on the Brazilian region, where the field 
study was undertaken. The Brazilian area is also much better studied. A map of the 
geology of the state of Bahia is shown in figure 3 .2. 
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3.1 .1 .1 Old Archean Rocks 
The earliest known blocks of the Sao Francisco craton are found in the Gaviao 
Block of South Bahia and in the basement underlying the Contendas-Mirante 
supracrustal sequence. The Gaviao Block underlies much of central Bahia (figure 3.2), 
and may (Ledru et al., 1997; Mougeot, 1996) or may not (Estado da Bahia, 1994; 
Santos Pinto et al., 1998; Teixeira and Figueiredo, 1991) extent into the northern part 
of the state. The Gaviao Block consists of granites and medium to high grade 
gneisses, with variable amounts of overprinting (Cordani et al., 1985; Estado da Bahia, 
1994). Rb-Sr isochron dating of the southern part of the Gaviao block give an age of 
3243 ± 81 Ma (Cordani et al., 1985), while SHRIMP zircon dating reveals an age of 
3184 ± 6 (Nutman and Cordani, 1993) for a granodioritic gneiss in the same area. A 
sheared enclave in this gneiss has a tentative age of 2841 ± 18 Ma based on zircon and 
sphene SHRIMP U/Pb dating (Nutman and Cordani, 1993). 
Figure 3.1 A paleoreconstruction of the Sao Francisco Craton and the West Congo 
Craton, showing how they were believed to be together during the Proterozoic. 
Carbonado localities are shown in pink. From Ledru et al. (1994b) 
Zircons and monazites from one migmatite from the area near the Jacobina 
supracrustals sometimes correlated with the Gaviao have been dated using the single 
grain isotope dilution TIMS method. These results are mostly discordant, but suggest 
an age between 3400 and 3500 Ma (Mougeot, 1996). It is not clear whether this is the 
age of migmitization or the age of the protolith. 
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Figure 3.2 A simplified map <Df the state of Bahia, which covers the northern part of 
the Sao Framcisco Craton. This map is based on Teixeira et al. (1991 ), and the 
state geological map (Estado ~a Bahia, 1994). The Espinha90 Supergroup 
contains tlile Tombador Formation, from which carbonado weathers. The more 
northerly of the early Proterozoic supracrustal equences in the Jacobina, the more 
southerly is the Contendas-Mirante. "L" is the location of Len9ois. The green 
Tombador clasts and I the Rio Cachorrinho sediments were both collected within 1 O 
km o~ Len9ois. "J" is the location of the Jacobina sample described in section 3.2.4. 
In this figure, the Jeq1Uie is included as part of the ltabuna. 
The Contendas-Mirante belt of southern Bahia is a supracrustal sequence of 
sediments and volcanics of late-Archean to early Proterozoic age (Cordani et al., 1985; 
Nutman and Cordani, 1993). There are a few exposures of the basement that underlies 
this region. The Rb-Sr dates of the Contendas-Mirante basement vary from 3552 ± 67 
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to 3071 ± 207 (Cordani et al., 1985), while U-Pb SHRIMP zircon analyses give 
crystallization ages of 3403 ± 5 Ma and 3353 ± 5 Ma for a tonalite and a granite, 
respectively (Nutman and Cordani, 1993). A 3378 ± 12 SHRIMP age from the Old 
Gray Gneiss of the Sete Voltas part of this basement is in agreement with these results, 
but other units of this area give younger single zircon evaporation and Rb-Sr 
ages (Martin et al., 1997). These Archean cores have recently been described as parts 
of the Gaviao Block that have been tectonically imbricated (Sabate et al., 1998). 
3.1 .1 .2 Late Archean 
To the east of the Gaviao block and the Contendas-Mirante belt lie the younger 
Jequie Block and the Itabuna mobile belt (Teixeira and Figueiredo, 1991). Granulites 
and gneisses in the Jequie have a Rb-Sr ages of 2622 ± 29 (Cordani et al., 1985). 
However, the high initial strontium isotopic ratio (0.712) implies that the dated rocks 
were derived from pre-existing crustal material. 
Uranium-lead dating of zircons from the Jequie Block indicate a complex 
tectonic history. Two dates, obtained using single zircon evaporation (Kober, 1986; 
Kober, 1987) fall between 2100 and 2130 Ma (Ledru et al., 1994a). These are 
interpreted as being from zircon grown during the granulite-facies Trans-Amazonian 
metamorphic event. Other zircon ages determined by SHRIMP (Alibert and Vidal, 
1992) of a charnokite and an enderbite, and single zircon evaporation ages of 
granulites and monzogranites (Ledru et al., 1994a) suggest that the igneous protoliths 
of these rocks crystallized between 2645 ± 10 and -2810 Ma. 
The eastern most Archean rocks in Bahia are found in the Itabuna mobile belt. 
These have been extensively dated using SHRIMP (Silva et al., 1997) and single zircon 
evaporation (Chauvet et al., 1997). They show the same geochronological history as 
the Jequie Block. High grade metamorphism and plutonism associated with the Trans-
Amazonian orogeny occurred between 2129 ± 19 and 2100 ± 10 Ma (Chauvet et al., 
1997; Silva et al., 1997). The rocks also contain older zircons of igneous origin. 
These zircons crystallized between 2695 ± 12 and 2561 ± 7 Ma (Silva et al., 1997). 
One much older grain, interpreted as inherited, was found in a charnokite, and 
crystallized at 3303 ± 13 Ma. 
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3.1.1.3 Early Proterozoic, including Trans-Amazonian Orogeny 
The Jacobina and Contendas-Mirante supracrustals are believed to have been 
deposited in the latest Archean or early Proterozoic (Mougeot, 1996; Nutman and 
Cordani, 1993; Teixeira and Figueiredo, 1991). Detrital zircon ages from the upper 
part of the Contendas-Mirante subunit have ages corresponding to Jequie Block 
emplacement and metamorphism, including an early Trans-Amazonian (-2168 Ma) 
component (Nutman et al., 1994). 
These volcanic and sedimentary rocks were then deformed during the Trans-
Amazonian orogeny, which lasted roughly from 2.2-1.85 Ga (Ledru et al., 1994b). 
This event, which is recorded in all circum-South Atlantic cratons (Ledru et al., 
1994b), had a significant effect on most pre-existing rocks, which were 
metamorphosed to greenschist-to-granulite facies. this resulted in zircon 
recrystallization. In addition, granitic and intermediate composition plutons were 
intruded throughout the craton (Ledru et al., 1994b). Only the largest of these 
batholiths are shown in figure 3.2 - smaller ones are present in all pre-2.0 Ga terrains, 
and their resistance to weathering makes them easy to identify in the otherwise 
peneplained craton. 
3.1.1.4 Espinhac;o Supergroup 
The Trans-Amazonian orogeny was followed by the deposition of the 
Espinha\:O Supergroup, a elastic sedimentary sequence. Its age is poorly defined, but it 
is younger than the 1.85 Ga Trans-Amazonian granites it was deposited on, and it is 
overlain by 1 Ga sedimentary rocks (Estado da Bahia, 1994; Iyer et al., 1999; Teixeira 
and Figueiredo, 1991). The Espinha\:O Supergroup occupies the central part of Bahia, 
and contains the Tombador Formation, from which carbonado is believed to have 
weathered (Derby, 1905). The Espinha<(o Supergroup is divided into three groups, the 
Rio dos Remedios Group, the Rio Paragua\:u Group, and the Chapada Diamantina 
Group (Pedreira, 1997; Sampaio et al., 1994). 
The lower two groups, the Rio dos Remedios and the Rio Paragua\:u. are 
westwardly derived aolian sediments, grading upwards into fluvial and deltaic 
sediments. These groups do not contain diamond. They are overlain by the Chapada 
Diamantina Group sedimentary rocks, which are eastwardly derived alluvial and fluvial 
sediments that grade upwards into marine and fluvial sediments (Pedreira, 1997). They 
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include the Tombador Formation, from which diamonds are recovered, and thus they 
were the focus of this study. 
3.1 .1 .5 The West Congo Craton 
The West Congo Craton has not been as intensely studied as the Sao Francisco 
craton. Nevertheless, Trans-Amazonian (Ledru et al., 1994b) and late Archean (2.7-
2.5 Ga) ages have been reported (Feybesse et al., 1998). The oldest rocks in this area 
appear to be in the range of 3.1-2.8 Ga (Feybesse et al., 1998; Toteu et al., 1994). 
Most African carbonado is found in the CAR. Due to the destabilizing effect of 
wars in the neighboring countries of Sudan and the DRC, there is considerable civil 
unrest in the CAR. Travel there is expensive, logistically difficult, and dangerous. As 
a result of these factors, no field work was done in the CAR. 
3.1.2 Geology of field area 
A field excursion was made to a number of diamondiferous alluvial deposits 
derived from the central Espinhac;o Supergroup in order to retrieve heavy minerals 
from the diamond washings and associated streams. Sampling was concentrated in the 
area between Lenc;ois and Andra!, but limited sampling also occurred between Lenc;ois 
and Morro de Chapeu. In addition, to test the hypothesis that the green quartzite 
clasts in the Lavras conglomerate of the Tombador Formation were related to the 
Jacobina fuchsitic quartzites, three green quartzites were sampled in the Jacobina 
range, just east of the town of Jacobina. Sample collection and preparation methods 
are described in Appendix A.3.1 
3.2. Geochronology of sedimentary zircons 
3.2.1 Goal of zircon study 
Zircon is not commonly used as a diamond indicator mineral, and it is unlikely 
that any of the zircons found are genetically related to carbonado emplacement or 
genesis. However, most diamonds on the Earth's surface are erupted in kimberlites 
that intrude stable cratons (see chapter 1 for references and discussion). If these 
cratonic areas are then eroded to produce diamondiferous sediments, the zircons from 
the country rock should be found with the diamonds. Thus the age population of the 
zircons found in the craton into which the kimberlite erupted should be represented in 
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the sedimentary deposits. Therefore, identifying what area the sediments are derived 
from will also identify the area in which the unknown diamond source is located. 
If carbonado is formed by ultra-high pressure metamorphism (Robinson, 1978), 
then zircons formed in the metamorphic event, or in related igneous events, should be 
present. 
3.2.2 U/Pb Age of detrital zircons from the Rio Cachorrinho 
Heavy mineral concentrates from the Rio Cachorrinho were magnetically 
separated and examined for indicator minerals. The rutile fraction was analysed, and 
the results are explained in section 3.3. The mineral separation procedure also yielded 
a significant zircon population. Fifty of these zircons were then dated using laser 
ablation ICP-MS The aim of the study was to see how the whole-stream zircon 
population compared to that of the conglomerate clasts of the formation through 
which the stream ran, and to the age for carbonado obtained by Ozima and Tatsumoto 
(1997). The laser ablation ICP-MS method is described in Appendix A.3.4. These 
zircons were not characterized before analysis, but most were larger than 300 microns, 
due to the loss of fines in the batea concentrating process performed during sample 
collection. 
The results of these analyses are shown in table 3.1 and figure 3.3. Most of 
these ages are on or near concordia, although the few analyses that are less than 5 % 
discordant were discarded. 10 more have high experimental errors, and suggest mixed 
ages. These have also been discarded. The remaining 37 grains are plotted on the 
frequency distribution diagram shown in figure 3.4. 
Table 3.1 U, Th, and Pb isotopic ratios and U/Pb decay ages from zircons from the 
Rio Cachorrinho, as dated by laser ICP-MS. The age presented is the 
206Pb/207Pb age, corrected for common Pb by using the 208Pb in excess of what 
is predicted by the 232Th/208Pb system. RCR1 is a rutile, not a zircon. This rutile, 
its age, and its significance are discussed in the detrital rutile section, 3.3.3. Grains 
considered unreliable due to discordance or statistical anomalies are shown in gray. 
Th and U concentrations are determined by the U/Si and Th/Si ratio, and given in 
ppm. The absolute concentrations of these elements is not accurately known. Thus 
the reported U and Th values for the rutile are wrong, as the Si in this phase was 
below the detection limit. 
sample 206Pb/238U 207Pb/235U 207Pb/206Pb 20spbf232Th 232Tft!23s u u Th Cone. date± 2a 
RC49 .7112 ± 36 31.0285 ± 0.19340.3164±11 0.1825 ± 21 0.3875 ± 31 60 23 0.98 3555 ± 8 
RC45 .6808 ±43 28.2686 ± 0.2446 0.3011 ± 18 0.1727 ± 23 0.4435 ± 44 28 12 0.98 3483 ± 12 
RC43 .6678 ± 28 26.4743 ± 0.1388 0.2875 ± 9 0.1720 ± 16 0.7409 ± 52 101 73 0.98 3412 ± 8 
RC07 .6852 ±46 25.5120 ± 0.20630.2700±12 0.1721±28 0.8573±167 24 20 1.01 3332 ± 15 
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sample 206Pbf23BU 201pbf23su io1pbf206Pb wspbf232Th 232Thf23BU u Th Cone. date± 2<1 
RC44 .6580 ± 21 24.6590 ± 0.1002 0.2718 ± 7 0.1693±13 0.6325 ± 30 212 131 0.99 3326± 6 
RC50 .6528 ± 21 23.9518 ± 0.1007 0.2661±7 0.1706±15 0.6256 ± 38 132 80 0.99 3288 ± 7 
RC24 .6282 ±42 21.7415 ± 0.2138 0.2510 ± 18 0.1607 ± 32 0.4262 ± 52 22 9 0.99 3202±15 
RCRl .6062 ±100 19.4854 ±0.3611 0.2331 ±20 0.2117 ±39 0.6580 ±146 ? ? 1.01 2933 ±27 
RC03 .5693 ± 24 15.6239 ± 0.0908 0.1991.±8 0.1540 ± 14 4.5505 ± 269 79 349 1.02 2846 ± 90 
RC15 .5140 ± 67 13.4281±0.2331 0.1895 ± 22 0.1369 ± 19 1.1007 ± 107 38 40 0.99 2765 ± 28 
RC14 .5077 ± 25 12.9027 ± 0.0903 0.1843 ± 9 0.1342±13 0.6843 ± 51 87 58 0.99 2716 ± 13 
Rt26 .4796 ::!:: 20 l I .5271 ± 0.0787 0.1743 ± 9 0.1307±111.6293±97 127 201 0.98 2623 ± 25 
RC48 .4746 ± 27 11.2217 ± 0.0982 0.1715 ± 11 0.1260 ± 13 1.0722 ± 70 36 37 0.98 2616 ± 19 
RC47 .4771±25 11.3435 ± 0.09860.1724±12 0.1273±14 0.8076 ± 68 43 34 0.99 2610±19 
RC35 .4773 ± 19 11.3086 ± 0.0712 0.1718 ± 8 0.1289±13 0.8029 ±49 83 65 0.99 2595 ± 15 
RC30 .4803 ± 19 11.2708 ± 0.0682 0.1702 ± 8 0.1285 ± 13 0.6850 ± 37 91 60 0.99 2583±12 
RC33 .4536 ± 19 10.4941±0.0636 0.1678 ± 7 0.1217±12 1.0929±77 81 86 0.97 2575 ± 17 
RC42 .4672 ± 20 10.8578 ± 0.0702 0.1685 ± 8 0.1273±12 1.0091 ± 71 66 65 0.98 2561±18 
RC27 .4599 ± 26 10.4950 ± 0.0879 0.1655 ± 10 0.1246 ± 14 1.0073 ± 69 55 54 0.98 2540± 19 
RC02 .4942 ± 31 11.5988 ± 0.10970.1702±12 0.1383±13 1.9012±150 26 48 1.01 2532 ± 38 
RC17 .4500 ± 22 10.3001±0.08960.1660±12 0.1230±12 0.8915 ± 55 45 40 0.97 2532±18 
RC46 .4465 ± 17 9.8565 ± 0.0557 0.1601±7 0.1195 ± 13 0.6086 ± 90 89 53 0.98 2484 ± 18 
RCll .4319 ± 33 8.9678 ± 0.1060 0.1506±14 0.1191±11 1.6442 ± 121 24 39 0.99 2385 ± 34 
RC21 ).3535 ± 14 6.3401 ± 0.0481 O.J301 ± 8 0.0898 ±9 1.8909 ± 105 84 155 0.96 2383 ± 34 
RC20 l3717 ± 17 6.6210 ± 0.Cl497 0.1292±8 0.1007 ± 9 2.9776 ± 206 78 226 0.99 2306 ± 78 
RC36 .3814 ± 15 7.2108 ± 0.0654 0.1371±11 0.1041±12 0.8765 ± 59 39 34 0.97 2234 ± 21 
RC16 .3653 ± 20 6.537 ! ± O.Cl491 0.1298 ± 7 0.1001 ± 8 1.7915 ±I 19 72 !25 0.98 2194 ± 36 
RCI8 .3758 ± 20 6.6461 ± 0.0560 0.1283±8 0.1030 ±IO l.8385 ± !09 70 126 l 2177±4.1 
RC28 .3740 ± 17 6.6298 ± 0.0550 0.1286 ± 9 0.1023 ± 9 l.6482 ± t01 83 133 0.99 2177±.33 
RC23 .3695 ± 18 6.5879 ± 0.0514 0.1293 ± 8 0.1029 ± 9 1.8289 ± 108 112 199 0.99 2148 ± 39 
RC39 .3690 ± 16 6.5465 ± 0.0514 0.1287 ± 8 0.1015 ± 9 1.3314 ± 76 58 75 0.99 2148 ± 27 
RC37 .3712 ± 14 6.6089 ± 0.0397 0.1291±6 0.1017±10 1.0969 ± 66 117 125 0.99 2147 ± 22 
RC09 .4062±14 7.4243 ± 0.0366 0.1326± 5 0.1144 ± 10 1.0412 ± 58 127 129 1.02 2145 ± 17 
RC22 .3685 ± 16 6.5556 ± 0.0516 0.1290 ± 8 0.1018 ±9 1.3509 ± 83 82 109 0.98 2144 ± 29 
RC34 .3752 ± 16 6.6590 ± 0.0371 0.1287±4 0.1034 ±9 1.1489 ± 66 115 129 0.99 2137 ± 20 
RC12 .3958 ± 16 7.0537 ± 0.0438 0.1292 ± 6 0.1091 ± 10 1.0306 ± 63 104 105 1.01 2137 ± 20 
RC!O ).40Hl ± 51 8.9565 ±0.1880 0.1620±27 0.1434±50 1.0045±307 41 40 0.93 2133 ± 92 
RC40 .3770 ± 22 6.6867 ± 0.0645 0.1286 ± 10 0.1042 ± 9 1.2384 ± 76 47 57 2133 ± 25 
RC29 .3754± 22 6.6145 ± 0.0638 0.1278 ± 10 0.1029 ± 8 1.1293 ± 92 55 60 1 2131±27 
RC41 .3705 ± 16 6.5951 ± 0.0477 0.1291±8 0.1022 ± 8 0.9330 ± 66 96 88 0.99 2128 ± 20 
RC31 .3704± 24 6.6200 ± 0.0681 0.1296 ± 10 0.1030 ± 10 0.9423 ± 94 44 40 0.99 2125 ± 27 
RC32 .3719 ± 14 6.6246 ± 0.0399 0.1292 ± 6 0.1030 ±9 0.8904 ± 54 171 149 0.99 2123 ± 18 
RC13 .3758±13 6.7249 ± 0.0369 0.1298 ± 5 0.1045 ± 8 0.7377 ±39 184 132 0.99 2119 ± 14 
RC19 .3693 ± 15 6.5849 ± 0.0425 0.1293 ± 6 0.1032±10 0.6264 ±40 125 77 0.98 2106 ± 15 
RC06 l.3981 ± 16 7.0963 ± 0.0446 0.1293 ± 6 0.1122±10 l.5731±9'.I 91 139 1.02 2103 ± '.ll 
RC08 .3930 ± 20 7.()560 ± 0.0475 0.1302 ± 6 0.1116±10 1.1914±82 149 l73 1.01 2100 ± 24 
RC25 .3760 ± 16 6.6582 ± 0.0459 0.1284 ± 7 0.1039 ± 11 0.5034 ± 32 110 54 1 2099±13 
RC05 l.4006 ± 12 7.1326 ± 0.0385 0.1291±6 O.ll33±10 1.4386±77 144 202 l.()2 2091 ± 26 
RCOl .3957 ± 19 7.0811 ± 0.0551 0.1298 ± 8 0.1139±11 0.7410 ± 64 51 37 1.01 2078 ± 20 
RC38 .3759 ± 18 6.5974 ± 0.0442 0.1273 ± 6 0.1061±17 0.1235±10 96 12 1 2063 ± 9 
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Figure 3.3 Uranium-lead isotopic ratios of detrital zircons from the Rio Cachorrinho, 
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Figure 3.4 A probability curve and histogram for the concordant zircons from the the 
Rio Cachorrinho. Each grain is represented by a normal curve of unit area, with a 
width governed by the 1 cr of the analysis Only the 37 grains that had errors 
consistent with those predicted by counting statistics, and had 206Pb/238U, 207Pb/235LJ, 
and 208Pb/232Th ages that were concordant to within 95% are plotted. 
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3.2.3 U/Pb Age of detrital zircons from green quartz clasts in Tombador 
conglomerate 
Zircons from the green clasts of the Tombador conglomerate were separated 
using techniques described in Appendix A.3.2. The zircon sample extracted from the 
green quartzite clasts of the Tombador Formation conglomerate consisted mostly of 
well rounded, frosted, grains. Approximately 8% of the population retained relict 
crystal shapes in the form of partial or subrounded pyramidal terminations. Almost 
50% of the grains were broken. The aspect ratio of the Tombador grains ranged from 
1.1:1 to 2.5:1, but most grains were between 1.25:1 and 1.75:1. These zircons were 
generally dark reddish-brown or purple. About 50% of the population was opaque, or 
at least too dark for the color to be apparent in transmitted light. 
The average grain size was about 162 µm by 99 µm The largest grain was a 
broken fragment that was 278 µm by 174 µm. The smallest grain analyzed was 97 µm 
by 62 µm. Cathodoluminescence images revealed that although a few of these grains 
were intensely zoned, most were CL dark. The CL dark grains were usually strongly 
colored. Often the center of the zoning was not in the center of the grain. This, and 
the number of broken grains, suggests that many of these zircons are fragments. The 
cloudy, opaque, and metamict-looking grains were generally CL dark, as were most of 
the dark purple and brown grains. Images of these grains are shown in figure 3.5 and 
figure 3.6. 
3.2.3.1 Pb loss event 
The U and Pb isotopic ratios of the studied grains are shown in figure 3.7. 
Almost all of the grains exhibit some degree of lead loss, which in some cases was 
almost total. A linear fit to this data suggests that the Pb loss occurred at 367 ± 54 
Ma. No regional geologic event is known to have occurred at this time, but the U/Pb 
data of Mougeot (1996) also shows a Pb loss event in the late Paleozoic. The 
SHRIMP U/Pb data of Nutman et al. (1994) show a similar trend in zircon from the 
Contendas-Mirante rocks, but this lead loss is interpreted as a 600 Ma Pan-African 
lead loss event. In order to eliminate ages that are artificially low due to lead loss, only 
those grains that were 95% concordant were used. This results in a sample size of 37. 




Figure 3.5 Transmitted light photograph of zircons found in the green quartzite 
clasts of the Tombador Formation of the Espinha<;o Supergroup. Laser pits are 
approximately 30 microns across. 
Figure 3.6 CL image of zircons from the Tombador green quartzite clasts. Most of 
these zircons had dim to non-existent CL. A scale bar is shown. 
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Figure 3.7 Uranium-lead isotopic ratios of 100 Tombador clast zircons, plotted on a 
traditional concordia diagram. a linear fit to the data is also shown. The upper 
intercept is simply the average age; it has no geologic significance. The lower 
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Figure 3.8 A probability curve and histogram for the concordant zircons from the 
green quartzite clasts in the Tombador conglomerate. Only the 37 grains that had 
2oepb/23aLJ, 207Pb/235U, and 20°Pb/232Th ages that were concordant to within 95% are 
plotted. 
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3.2.3.2 Concordant data 
A histogram and probability curve for the 37 concordant ages is shown in 
figure 3.8, and the data for all grains tire given in table 3.2. As is shown by figure 3.8, 
most of the ages are clustered into two groups between 3450 and 3350 Ma, with 
isolated older ages extending back to almost 3700 Ma. As shown in table A.3.1, there 
is not significant correlation between grain morphology and size. This is consistent 
with other detrital zircon studies of mature Precambrian quartzites (Karabinos and 
Gromet, 1993; Magee and Gromet, 1996), but not with the age/morphology 
relationship seen in Contendas-Mirante conglomerates (Nutman et al., 1994). 
Table 3.2 U, Th, and Pb isotopic ratios and U/Pb decay ages from zircons from the 
green quartzite clasts in the Tombador Formation conglomerate, as dated by laser 
ICP-MS. Grains are listed oldest to youngest. Those considered unreliable due to 
discordance or statistical anomalies are shown in ra . 
sample 206Pbf23su 207pbf23su 207Pb/206Pb 2ospbf232Th 232Thf238U 206Pbf238U age date± 20" 
207Pb/235U age 
T041 .7481±42 35.7666 ± 68 0.3467 ± 13 0.1950 ± 18 0.4190 ± 35 0.98 3689 ± 8 
T043 .7239 ± 81 33.0200 ± 141 0.3308 ± 28 0.2054 ± 53 0.3567 ± 73 0.98 3609±18 
T013 .7242 ± 39 32.7433 ± 65 0.3279±12 0.1870 ± 19 0.4678 ± 34 0.98 3607 ± 8 
T024 1.4934 ± 155 19.2154 ± 332 0.2825 ± 30 0.0978 ± 57 1.43 l 2 ± 399 0.85 3578 ± 30 
T008 .7360 ± 67 32.9778 ± 97 0.3250 ± 11 0.1794± 19 0.3301 ±47 0.99 3599 ± 8 
1'044 .6180± 106 26.2281 ± 195 0.3078 ± 29 0.1384 ± 39 0.9945 ± 247 0.92 3573 ± 23 
T011 .6920 ±47 30.9310 ± 75 0.3242±10 0.1784± 14 0.7044±60 0.96 3587 ±7 
T048 .6074 ± 93 26.5520 ± 159 0.3170 ± 14 0.1.341 ± 40 0.4130 ± 61 0.91 3581±9 
T099 ).5791 ± 42 24.1797 ± 96 0.3028 ± 19 0.1201±22 0.7144 ± 109 0.9 3547 ± 15 
T005 '.6591 ±48 27.2354 ± 89 0.2997 ± 15 0.1475±20 1.0512±241 0.96 3529 ± 21 
T066 .6354 ± 63 27.2539 ± 113 0.3111±17 0.1652 ± 30 0. 7642 ± !03 0.93 3529 ± l3 
T026 .7003 ±45 30.1458 ± 82 0.3122 ± 16 0.1833 ± 23 0.4212 ± 41 0.98 3529 ± 11 
T027 .5812±34 25.0011 ±Tl 0.3120 ± 16 0.1547 ± 29 0.3142 ± 94 0.89 3526 ± 12 
T038 .3739±124 15.4330 ± 349 0.2993 ± 31 0.0809±25 0.7951±91 0.72 3515±21 
T03l .5942 ± 64 23.2840 ± 115 0.2842 ± 12 0.1019 ± 17 0.8123 ± 104 0.93 3519 ±IO 
T058 .6757 ± 79 28.4767 ± 146 0.3057 ± 27 0.1779±450.4861±109 0.97 3497 ± 19 
T003 .5152 ± 50 21.7533 :t 104 0.3062 ± 12 0.1309 ± 14 0.9645 ± 91 0.84 3496 ±JO 
T034 .6540 ± 68 27.4391 ± 114 0.3043 ± 15 0.1714 ± 31 0.5650 ± 128 0.95 3485 ± 13 
T052 .6663 ± 38 27.3771±68 0.2980±11 0.1731±17 0.6994±55 0.97 3463 ± 8 
T036 ).5880 ± 211 23.5140 ± 383 0.2900 ± 38 0.1423±70 0.5856±170 0.92 3438 ± 28 
T081 .6891±54 28.3817 ± 94 0.2987 ± 15 0.1838 ± 27 0.5179 ± 42 0.98 3455 ± 11 
T054 .6397 ± 52 26.0876 ±98 0.2958 ± 16 0.1642 ± 14 1.2327 ± 172 0.95 3447 ± 18 
T053 .6447 ± 88 26.6751 ± 146 0.3001 ± 15 0.1802 ± 22 0.7983 ± 162 0.95 3448±15 
T076 .6441±66 26.2994 ± 126 0.2961±22 0.1737 ± 27 0.7207 ± 121 0.95 3444± 17 
T090 ).5879 ± 63 22.9687 ± 121 0.2834±16 0.1285 ±: 33 0.7408 ± 145 0.92 3443 ± 14 
T061 .7054 ±46 28.6233 ± 83 0.2943 ± 15 0.1881 ± 30 0.5027 ± 73 1 3435 ± 12 
TOJO .3924 ±75 15.4917 ± 197 0.2864±14 897 ± 26 0.6248 ± 89 0.75 3434 ± ll 
T025 .6503 ± 57 26.3994 ± 98 0.2944±13 0.1691±16 0.9127 ± 71 0.96 3435±10 
T049 .6803 ± 44 27.4254 ± 83 0.2924±16 0.1756 ± 14 1.0750 ± 117 0.98 3430 ± 14 
T019 .6869 ±42 28.1155 ± 72 0.2969±11 0.1874 ± 18 0.8277 ± 60 0.98 3434 ± 9 
T004 .6635 ± 62 26.6951 ± 113 0.2918 ± 19 0.1705 ± 30 0.3772 ± 72 0.97 3428 ± 14 
C. W. Magee, Jr. Detrital mineral study 76 
sample 206pbf23BU 201pbf235U 207Pb/206Pb 2ospbf232Th 232TJi23BU 206Pb/238U a~e date± 2<J 
207Pb/235U age 
T040 .68S7 ± 36 27.7271±6S 0.2933±11 0.1828 ± 14 0.7127 ± 7S 0.99 3426± 10 
T094 ).6450 ± 87 24.8892 ± l57 0.2799 ± 23 0.1565 ± 25 J .0767 ± 235 0.97 3408 ± 27 
T032 .6807 ±47 27.1062 ± 98 0.2888 ± 20 0.1746 ± 18 1.0021±133 0.99 3413±18 
TOSO .66S4 ± S3 26.59S3 ± 100 0.2899 ± 17 0.1740 ± 19 0.846S ± 90 0.98 341S ± 14 
TOOl .6802 ± 38 27.1624 ± 73 0.2896±14 0.1760 ± 14 0.8149 ± 62 0.99 3416 ± 11 
T023 .6496 ± Sl 2S.9869 ± 89 0.2901±12 0.1720 ± 17 0.6331±92 0.96 3412±11 
T063 .4974 ± 61 19.4609 ± 138 0.2837 ± 18 0.1225 ± 17 0.9533 ± 87 0.85 3408 ± 15 
T016 .6783 ± 37 27.073S ± 62 0.289S ± 8 0.1744 ± 18 0.4014 ± 28 0.99 3416 ± 6 
T077 .628S ± S4 24.8234 ± 110 0.286S ± 20 0.1S91±24 0.6190 ± 67 0.9S 3407 ± lS 
T009 .681S ± 4S 27.1047 ± 79 0.288S ± 12 0.1813 ± 21 O.S471 ± S4 0.99 3408 ± 9 
T047 .673S ±43 26.9170 ± 77 0.2899±13 0.1801±16 1.14S8 ± 90 0.98 3401±12 
TOSS .67S7 ± 127 27.0128 ± 243 0.2899 ±4S 0.19S8 ± 84 0.9SS8 ± 212 0.98 3371 ±42 
T002 .6648 ±so 26.3S86 ± 87 0.287S ± 13 0.1718 ± 16 0.7797 ± 102 0.98 3399±12 
T093 . .4726 ± 86 18.4227 ± [95 0.2827 ± 19 OJ 127 ±. 32 0.3509 ± 74 0.83 3394 ± 15 
T012 .6613 ± 36 26.1647 ± 69 0.2870±12 0.173S ± 11 1.0822 ± 72 0.98 3396±10 
T046 .6688 ± S2 26.2S76 ± 96 0.2848±16 0.1746±17 1.2309±118 0.98 3391 ± lS 
T042 .6567 ± 41 25.6199 ± 72 0.2830 ± lO 0.1712 ± 18 1.2530 ± 216 0.98 3384 ± 21 
T014 .6883 ±47 27.2130± 82 0.2868±13 0.180S ± 16 1.1912 ± 102 1 3389 ± 13 
T045 ).5428 ± 32 21.3755 ± 69 0.2856±10 0.1421±13 0.30!1 ±44 0.89 339.3 ± 8 
T083 .4438 ± 111 l7.Hl92 ± 253 0.2796 ± 12 0.1060 ± 24 0. 7342 :t 63 0.81 3388 ± l l 
T037 l.5573 ± 58 21.3313±112 0.2776± l l 0.1346 ± 19 0.9337 ± 88 0.91 3387 ± lO 
T086 .. 3600 ± 85 14.0299 ± 244 0.2826 ± 18 0.0903 ± 17 0.5914 ± 86 0.72 1378 ± 15 
T085 .5761±58 22.7256± 117 0.2861 ±17 0. J 574 ± 25 0.4114 ± 50 0.91 3379 ± 13 
T075 ).5822 ± 48 22.9287 ± 94 0.2856±12 0.1550 ± 17 0.721l±81 0.92 3377 ± l2 
T029 .6476 ± 33 2S.50S9 ± 63 0.28S6±11 0.1732 ± 11 1.3443 ± 96 0.97 337S ± 12 
T079 .4860 ± 43 18.1548± 108 0.2709±17 0.1150 ± 12 1.2467 ± 136 0.85 3368 ± 16 
T022 .6220 ±48 24.3S54 ± 86 0.2840±11 0.1671±14 0.8929 ± 80 0.9S 3372±10 
T035 .7023 ± 58 27.3009 ± 113 0.2819 ± 22 0.1903 ± 29 O.S40S ± 68 1.01 3366±16 
T020 .6443 ± S7 2S.3881±111 0.2858 ± 19 0.1783 ± 19 1.4684 ± 194 0.96 3358 ± 23 
TOS6 .6744± 67 26.6669 ± 119 0.2868 ± 19 0.1853 ± 21 1.4819 ± 141 0.99 3360±19 
T051 .6806 ± 51 26.2349 ± 86 0.2796±12 0.1754 ± 16 0.8078 ± 73 1 3368±10 
T070 l.6006 ± 60 23.4066 ± 112 0.2826 ± 15 0.1582 ± 16 l.7Il4 ± 152 0.93 3359 ± 18 
TOSO .6443 ± 34 24.961S ± 66 0.2810±11 0.1696 ± 13 0.6173 ± 43 0.97 3364 ± 9 
T06S .6783 ± 72 26.0S75 ± 132 0.2786 ± 22 0.1803 ± 31 0.8797±170 3350 ± 22 
T096 .6298 ± S3 24.1269 ± 101 0.2779 ± lS 0.1627 ± 20 0.6832 ± 78 0.96 33S6 ± 13 
TOJO .3570 ± 123 13.3730 ± 351 0.2717 ± 20 0.0751±26 0.3533 ± 159 0.73 3347 ± 19 
T018 ).6144 ± 41 23.3014 ± 78 0.2751 ±II 0.1479 ± 17 0.5295 ± 43 0.95 3354 ± 9 
T039 .3163 ± 38 12.1311±134 0.2781±17 0.0834 ± l l 0.7074 ± 71 0.68 3349 ± 13 
T069 ).5868 ± 50 22.3276 ± 96 0.2760 ± 12 0.1514 ± 14 1.5157 ± 141 0.93 3345 ± 15 
T074 .649S ± S9 24.9827 ± 103 0.2790 ± 14 0.1712 ± 13 1.3243 ± 132 0.98 3345 ± lS 
T028 .6639 ±46 2S.4279 ± 79 0.2778±10 0.1742 ± 16 0.7630 ± 81 0.99 3347±10 
T017 .6S77 ± 34 2S.2322 ± 61 0.2782±9 0.1727 ± 12 0.6810 ± 33 0.98 3349 ±7 
T057 J.5634 ± 79 21.9168 ± 149 0.2821 ± 15 0.1515±15 l.5320:J:l27 0.9l 3340 ± !6 
T073 .6344 ± 111 24.1779 ± 193 0.2764 ± 23 0.1721±36 0.8048 ± 143 0.97 3334 ± 21 
T059 .6390 ± 41 24.5488 ± 79 0.2786± 13 0.1691±16 l.1S91±100 0.97 3340 ± 13 
T006 l.5898 ±49 21.9904 ± 90 0.2704 ± 9 0.1516 ± 16 0.9889 ± 144 0.94 :m2±14 
T021 l.4482 ± 42 17.2064 ± 100 0.2784 ± 10 0. 1422 ± 21 0.4273 ± 45 0.81 3305 :t 8 
T007 l.4527 ± 90 17.6021±204 0.2820 ± 14 0.1499 ± 15 0.5375 ± !08 0.81 3296 ± 13 
T092 J.5727 ± 61 20.9642 ± 121 0.2655 ± 15 0.1509 ± 19 1.0298 ± 83 0.93 3283 ± 14 
T078 ).4106 ± 75 14.9437 ± 193 0.2640 ± 16 0.1042 ± 17 0.8934 ± 9J 0.79 3275 ± 17 
T064 J.3406 ± 279 12.9195 ± 829 0.2751±36 0.1068 ± 39 0.5575 ± 309 0.71 3252 ± 35 
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sample 206Pbf23BU 207pbf13SU 207Pb/106Pb ws Pbf232Th 212rh!21su 206Pbf13BU ag,e date± 2<r 
207Pbf235U age 
T060 .l.3937 ± 27 13.8972 ± 79 0.2560 ±JO 0.0987 ± 7 0.8663 ± 102 0.78 3240 ± 12 
T089 ).3422 ± 65 ll.9451 ± .198 0.2532 ± 14 0.0897 ± 15 0.7221±6l 0.73 3201 ± 13 
T072 .l.3082 ± 45 10.9761±151 0.2583 ± 11 0.1060 ± 29 0.3876 ± 219 0.69 3161 ± 30 
T097 .3411±31 12.1457 ± 106 0.2583±14 0.1270± 19 0.9837±65 o.n 2949 ± 18 
TlOO .. 3075 :±; 64 11.5158 ± 218 0.2716 ± .19 0.0760 ± 25 0.8530 ± 146 0.67 1491±55 
T082 ).2999 ± 22 I0.3827 ± 82 0.251.1±9 0.0810 ± 8 0.5119 ± 28 0.68 1479 ± 20 
T062 ).2824 ± 70 10.5679 ± 256 0.2714 ± 1.9 0.1066 ± 17 0.6502 ± 137 0.64 1368 ± 6.l 
T098 .2755 ± 65 9.4145 :!: 247 0.2478 ± 16 OJJ660 ± 8 0.4780 ± 89 0.66 1370 ± 59 
T068 ).2838 ± 1.8 9.8285 ± 81 0.2512± 13 0.0569 ± 8 0.7575 ± 68 0.67 1409 ± 16 
T087 J.2752 ± 52 9.9860 ± 220 0.2632 ± 30 0.1505 ± 22 0.7534 ± 164 0.64 1324±46 
T095 .2657 ± 39 8.8405±170 0.2413 ± 21 0.1193±13 0.8171±94 0.65 1312±35 
T<n3 .2046 ±43 6.2081±242 0.2200 ± 27 0.0546 ± 9 0.5132±44 0.6 1055 ± 41 
T088 .1595 ± 13 5.4723 ± 97 0.2488 ± l2 0.0414 ± 4 0.6896 ± 59 0.5 814 ± 13 
T071 ).1541±15 4.9526 ± l l2 0.2331±12 0.0624 ± 7 0.72l7 ± 79 0.51 790 ± 15 
T09l .1471±29 4.2688 ± 232 0.2105 ± 26 0.0385 ± 9 0.5436 ± 87 0.52 776 ± 29 
T067 ).1294 ± 22 3.9472±186 0.2213±16 0.0590 ± 15 0.2682 ± 32 0.48 677 ± 22 
T084 .1219 ± 23 2.6794 ± 218 0.1594 ± 17 ().()40! ± 8 0.4893 ± 57 0.56 674 ± 24 
TOJ5 629±18 0.8670 ± 344 0.1000 ± 18 0.0296 ± 7 0.3781 ±45 0.62 373 ± 21 
3.2.4 U/Pb age of detrital zircons from the Jacobina quartzite 
Zircons from the green Jacobina quartzite were separated from clasts using 
methods described in appendix A.3.2. The zircon sample extracted from the Jacobina 
quartzite consisted mostly of well rounded, frosted, slightly elongated grains. A small 
sample of these zircons is shown in figure 3.9 and figure 3.10. Approximately 17% of 
the population retained relict crystal shapes in the form of partial or subrounded 
pyramidal terminations. About 20% of the grains were broken. The aspect ratio of the 
Jacobina grains ranged from 1.2:1 to 3.4:1, but most grains were between 1.5:1 and 
2:1. These zircons were generally colorless to light brown, although a few darker, 
purple grains were present. About 17% of the population was opaque, or at least too 
dark for the color to be apparent in transmitted light photographs. 
The average grain size was about 103 µm by 78 µm. The largest grain 
was a broken fragment that was 190 µm x 146 µm, while the longest grain was a long, 
narrow grain 233 µm in length. The smallest grain analyzed was 78 µm by 60 µm. CL 
images revealed that many of these grains were intensely zoned. In less than 40% of 
the grains is the center of the zoning in the center of the grain, indicating that 
sedimentary rounding has affected most of the grains unevenly, or broken them into 
fragments that were then further rounded. CL intensity varies greatly, with optically 
dark grains generally being CL dark. 
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Figure 3.9 transmitted light photograph of zircons from 
quartzite. Laser pits are approximately 30 microns across. 
Figure 3.1 O A SEM CL image of the zircons found in the Jacobina quartzite. A scale 
bar is shown. 
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Figure 3.11 Uranium-lead isotopic ratios of Jacobina quartzite zircons, plotted on a 
traditional concordia diagram. A linear fit to the data is also shown. The upper 
intercept is simply the average age; it has no geologic significance. The lower 
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Figure 3.12 A probability curve and histogram for the concordant zircons from the 
green Jacobina quartzite. Only the 60 grains that had 206Pb/238U, 2C7Pb/235U, and 
208Pb/232Th ages that were concordant to within 95% are plotted. 
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3.2.4.1 Pb loss event 
The U and Pb isotopic ratios of these grains are shown in figure 3.11. Almost 
all of the grains exhibit some degree of lead loss, which is some cases was almost total. 
A linear fit to the data suggests that the Pb loss occurred at 383 ± 110 Ma, and is 
within error of the Tombador Pb loss and other regional studies (Mougeot, 1996; 
Nutman et al., 1994). In order to eliminate ages that are artificially low due to lead 
loss, only those grains that were 95% concordant were used. This results in a sample 
size of 60. 
3.2.4.2 Concordant data 
A histogram and probability curve for these 60 concordant ages is shown in 
figure 3.12, and all the dataam given in table 3.3. As is shown by figure 3.12, most of 
the ages are in a 3300 Ma peak. Smaller populations are found between 3350 and 
3450 Ma, with isolated older ages extending back to 3554 Ma. As is shown in table 
A.3.2, there is not significant correlation between grain morphology and size. This is 
consistent with the results from the Tombador rock and other Precambrian detrital 
zircon studies of mature quartzites (Karabinos and Gromet, 1993; Magee and Gromet, 
1996). 
Table 3.3 U, Th, and Pb isotopic ratios and U/Pb decay ages from zircons from the 
Jacobina quartzite, as dated by laser ICP-MS. Grains are listed oldest to youngest. 



















206Pb/238U age date± 2a 
io7pbf235U age 
0.6402 :!::43 29.4584±79 0.3337±14 0.1478±16 0.5193±49 0.92 3654 ± 8 
0.6640 ± 52 29.6475 ± 84 0.3238 ± 10 0.1601 ± 39 0.5489 ± l 25 0.94 
0.7027±41 30.7564±73 0.3174±14 0.1831±16 0.4630±41 0.98 
0.5951 ± 72 23.5681 ± 131 0.2872 ± 14 0.0785 ± 40 0.5684 ± 23 l 0.93 
0.7120±48 30.6871±78 0.3126±12 0.1877±19 0.9384±122 0.99 
0.7161 ± 47 30.6318 ± 76 0.3102 ± 12 0.1913 ± 24 0.4425 ± 101 0.99 
0.6850 ± 79 28.9004 ± 142 0.3060 ± 25 0.1771 ± 49 0.4640 ± 117 0.97 
0.3271±83 12.8.103 ± 271 0.2840 ± 27 0.0650 ± 23 0.8453 ± 212 0.68 
0.6835 ±44 28.1162 ± 77 0.2983±12 0.1775±19 0.6035 ± 67 0.98 
0.6652 ± 78 26.9947 ± 140 0.2943 ± 22 0.1728 ± 39 0.6939 ± 169 0.97 
0.6072±131 23.8203 ± 225 0.2845 ± 18 0.1530 ± 56 1.1446 ± 445 0.94 
0.6702 ± 52 27.3226 ± 85 0.2957 ± 11 0.1752±18 0.8585 ± 64 0.97 
0.7009 ± 74 28.8695 ± 107 0.2987 ± 7 0.J 885 ± 19 1.2519 ± 188 0.99 
0.7039 ± 60 28.7642 ± 98 0.2964 ± 15 0.1869 ± 23 0.6934 ± 90 1 
0.6661 ± 63 26.4898 ± !04 0.2884 ± l 3 0.1609 ± 46 0.5467 ± 202 0.98 
0.6175 ± 57 24. 7 J 50 ± uo 0.2903 ± 17 0.1547 ± 24 0.6477 ± 1.20 0.94 
3607 ± 9 
3554 ± 9 
3539 ± 15 
3527±12 
3513 ± 11 
3503 ± 19 
3493 ± 21 
3461±9 
3444 ± 20 
3427 ± 32 
3445 ± 9 
3436 ± 18 
3439 ± 12 
3432 ± l9 
3435 ± 14 
C. W. Magee, Jr. Detrital mineral study 81 
sample 206pbf238U 201pbf235U 207Pb/206Pb zospbf232Th 232T!r'238 u 206Pb/238U age date± 2a 
207Pb/235U age 
1083 0.6914 ± 34 27.9740± 59 0.2935± 9 0.1813±11 0.5052 ± 34 0.99 3433 ± 7 
J002 0.6880 ±45 27.9048 ± 77 0.2942 ± 12 0.1821±17 0.6728 ± 53 0.99 3431±9 
J024 0.6826 ±62 27.2009±102 0.2890 ± 13 0.1713 ± 24 0.7201±108 0.99 3425 ± 12 
J068 0.5524 ± 163 21.1583±300 0.2778±16 0.1355±57 0.8331±308 0.9 3413 ± 23 
J087 0.6795 ± 35 27.1727 ± 62 0.2900±10 0.1747±11 1.0326 ± 71 0.99 3422 ± 9 
J056 0.4715 ± 143 18.5698 ± 306 0.2856±14 0.1124 ± 34 0.3992 ± 104 0.82 3407 ± 13 
1034 0.6706 ±37 26.7846 ± 63 0.2897 ±9 0.1759±12 0.8457 ± 56 0.98 3411±7 
J046 0.6487 ±47 25.8719 ± 83 0.2892 ± 12 0.1686 ± 12 0.7662 ± 74 0.96 3407±10 
1098 0.6627 ± 78 25.9364 ± 210 0.2839 ± 49 0.1720 ± 35 0.7416 ± 141 0.98 3375 ± 37 
J092 0.6596 ± 39 26.0763 ± 68 0.2867 ± 9 0.1734±18 0.2999 ± 126 0.97 3399 ± 12 
.1004 0.3713:.t163 13.5728 ± 442 0.265 l ± lO l).()751 ± 41 0.7870 ± 238 0.75 3388 ± 17 
J035 0.6732 ±79 26.6215 ± 147 0.2868 ± 25 0.1800 ± 14 1.4394 ± 166 0.98 3376± 23 
1027 0.6572 ±46 25.4855 ± 89 0.2812 ± 16 0.1727 ± 18 0.9649 ± 80 0.98 3363 ± 13 
J015 0.5003 ± 127 18.4596 ± 256 0.2676 ± IO O.l 141 ± 36 0.9227 ± 221 0.87 3360 ± 16 
J097 0.5317 ± 54 20.2578±122 0.2763 ± 19 0.1345 ± l9 0.7880 ± 103 0.89 3360 ± 16 
J038 0.5478 ±43 21.2.156 ± 82 0.2809 ± 7 0.1412±16 0.5123±36 0.89 3369 ± 6 
1019 0.6597 ± 66 25.4405 ± 124 0.2797 ± 20 0.1737 ± 25 0.9658 ± 110 0.98 3356 ± 17 
.1080 0.5816 ± 66 22.3478 ± 132 0.2787 ± 19 0.1547 ± 23 0.5234 ± 105 0.92 3352±16 
JOSS 0.6539 ±64 25.4199 ± 106 0.2819 ± 12 0.1781 ± 42 0.6672 ± 105 0.98 3350 ± 15 
J029 0.5809 ±48 21.1970 ± 96 0.2646 ± 13 0.1392 ± 23 l.1893 ± 262 0.94 3341 ± 23 
J047 0.6421±132 24.4252 ± 260 0.2759 ± 44 0.1687 ± 26 1.5388 ± 300 0.97 3321 ±42 
J053 0.6221±52 23.1048 ± HB 0.2694 ± 16 0.1490 ± 59 0.6522 ± 268 0.97 3330 ± 22 
J074 0.5162 ± 168 18.8094 ± 331. 0.2643 ± 14 0.1203 ± 54 0.7599 ± 194 0.88 3330 ± 17 
J065 0.6264 ± 81 23.1130± l370.2676±12 0.1512±430.6429±155 0.97 3330 ± 14 
J025 0.7209 ± 38 27.6348 ± 71 0.2780 ± 13 0.1944±16 1.0632 ± 117 1.03 3326 ± 15 
JlOO 0.6545 ±59 24.7097 ± 105 0.2738±15 0.1746 ± 21 1.0940 ± 235 0.98 3317 ± 24 
J048 0.5365±188 20.4417 ± 362 0.2763 ± 24 0.1437 ± 46 1.0427 ± 186 0.89 3315 ± 25 
J078 0.6390 ± 180 23.5428 ± 315 0.2672 ± 38 0.1681±84 0.5162 ± 258 0.98 3306 ± 34 
J086 0.6390 :.l:: 41 23.6782 ± 75 0.2687 ± 10 0.1548 ± 19 0.7283 ± 90 0.98 3328 ± 11 
.1044 0.5731±126 21.3070 ± 227 0.2697 ± 16 0.1411±55 0.6298 ± 153 0.93 3322 ± 15 
J099 0.6309 ±42 23.3716 ± 84 0.2687±!4 0.1527±25 0.7613±176 0.97 3320 ± 17 
JOSI 0.5594 ± 53 2.1 .3409 ± J 04 0.2767 ± 1 l 0.1489 ± 12 2.2647 ± 166 0.91 33.14 ± 20 
JOll 0.6600 ± 31 24.8409 ± 58 0.2730 ± 9 0.1725±17 0.6031±43 0.99 3322 ± 7 
J079 0.6299 ±79 23.4447 ± 156 0.2700 ± 25 0.1608 ± 33 0.6497 ± 82 0.97 3308 ± 20 
J082 0.6068 ±47 22.2812 ± 89 0.2663 ± 11 0.1454 ± 18 0.7492 ± 58 0.96 3317±10 
J084 0.3657 ± 68 13.8499 .± 192 0.2747 ± 12 0.1023 ± 21 0.4269 ± 57 0.73 3317 ±JO 
1049 0.6288 ±46 23.6834± 94 0.2732 ± 16 0.1642±18 0.6400 ± 65 0.97 3314 ± 13 
J009 0.6236 ±72 23.1799 ± 120 0.2696 ± 8 0.1566 ± 26 0.6520 ± 56 0.97 3319 ± 7 
J060 0.6050 ± 82 22.4734 ± 164 0.2694 ± 25 0.1587 ± 30 0.5291±103 0.95 3306 ± 20 
J071 0.6325 ± 81 23.7183 ± 157 0.2720 ± 25 0.1689 ± 25 0.8765 ± 151 0.97 3303 ± 23 
J076 0.6389 ±44 23.8731±90 0.2710 ± 16 0.1657 ± 20 0.6257 ± 63 0.98 3311±13 
JOOS 0.6043 ± 52 22.3489 ± 92 0.2682 ± 8 0.1496 ± 23 0.6374 ± 60 0.95 3315 ± 7 
JOOl 0.6506 ± 30 24.4284 ± 60 0.2723 ± 10 0.1738 ± 14 0.5537 ± 67 0.98 3313 ± 9 
J030 0.6569 ± 37 24.6105 ± 69 0.2717 ± 11 0.1740±14 0.6226 ± 66 0.99 3311±10 
J026 0.5118 ±43 18.8167 ± 93 0.2666 ±JI 0.1263 ± 14 0.6401 ± 68 0.88 3310 ±JO 
J08l. 0.5652 ± 52 21.3548 ± 104 0.2740 ± 14 0.1528 ± 13 1.2437 ± 142 0.92 3302 ± 17 
J028 0.6574 ± 68 24.4631±123 0.2699 ± 18 0.1686 ± 27 0.6881±132 0.99 3300 ± 19 
J033 0.6429 ±42 23.9064 ± 76 0.2697 ± 10 0.1667 ± 23 0.5706 ± 63 0.98 3309 ± 9 
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sample 206pbf23BU 207pbf23SU 207Pb/206Pb 208 Pbf232Th 232Tfi23BU 206Pbf23BU age date±2CT 
207Pb/235U age 
JOJO 0.6536 ±40 24.4632 ± 74 0.2715 ± 11 0.1728 ± 14 0.5847 ± 53 0.99 3308 ± 9 
J089 0.6127 ± 51 22.7540 ± 95 0.2693 ± 12 0.1587 ± 20 0.6826 ± 63 0.96 3307±10 
1042 0.6472 ±53 24.0573 ± 102 0.2696 ± 16 0.1671±22 0.5216 ± 62 0.98 3304±13 
1067 0.6365 ±39 23.5018 ± 69 0.2678 ± 8 0.1610 ± 18 0.6724 ± 76 0.98 3307 ± 9 
1090 0.6372 ± 38 23.6742 ± 77 0.2695 ± 13 0.1657±14 0.6396 ± 56 0.98 3305 ± 11 
J018 0.6425 ±35 24.0347 ± 61 0.2713 ± 7 0.1703±13 0.7354 ± 70 0.98 3307 ± 8 
J054 0.6332 ± 6l 23.3431 ± l [4 0.2674 ± 16 0.1576 ± 22 0.6156 ± 99 0.98 3300 ± 15 
J016 0.6398 ±40 23.8558 ± 78 0.2704 ± 13 0.1678±17 0.5727 ± 66 0.98 3303 ± 11 
J021 0.5999 ± 26 22.0500 ± 52 0.2666 ± 8 0.1499 ± 11 0.8256 ± 66 0.95 3305 ± 8 
J031 0.6443 ±36 23.9490 ± 67 0.2696 ± 10 0.1703±18 0.5877 ± 113 0.98 3300 ± 13 
J066 0.5237 ± 76 19.8133±152 0.2744±13 0.1504±26 0.6736±114 0.88 3299 ± 13 
J091 0.6551±36 24.3997 ± 73 0.2701±13 0.1753 ± 16 0.6309 ± 54 0.99 3300± 11 
J006 0.6449 ±49 23.9971±81 0.2699 ± 8 0.1685 ± 20 0.6264 ± 39 0.98 3303 ± 7 
J012 0.6445 ±31 23.9747 ± 58 0.2698 ± 8 0.1711±13 0.5603 ± 58 0.98 3302 ± 8 
J058 0.6484 ±35 24.1457 ± 72 0.2701±13 0.1718±16 0.7274 ± 59 0.98 3299±10 
1020 0.6550 ±36 24.3097 ± 69 0.2692 ± 11 0.1720±16 0.5258 ± 43 0.99 3298 ±9 
J061 0.6508 ±35 24.2573 ± 68 0.2703±11 0.1743 ± 14 0.5735 ± 41 0.99 3298 ±9 
JOJ4 0.5328 ± 26 19.6653 ± 59 0.2677 ± 9 0.1372 ± 16 0.6722 ± 47 0.9 3299 ± 7 
1036 0.6198 ± 59 23.0886 ± 100 0.2702 ± 8 0.1650 ± 12 0.8010 ± 70 0.96 3295 ± 9 
1062 0.6406 ± 50 23.7083 ±95 0.2684 ± 15 0.1685 ± 21 0.4907 ± 43 0.98 3293 ± 11 
1043 0.6606 ± 54 24.3905 ± 102 0.2678 ± 16 0.1718 ± 16 0.5782 ± 61 1 3291±13 
J073 0.6523 ±47 24.0889 ± 83 0.2678±11 0.1704 ± 17 0.6422 ± 44 0.99 3294 ± 9 
J022 0.6509 ± 33 24.0806 ± 57 0.2683 ± 7 0.1707 ± 12 0.5745 ± 45 0.99 3295 ± 7 
J013 0.6451±36 23.8959 ± 63 0.2686 ± 8 0.1701 ± 12 0.5840 ± 41 0.98 3294 ± 7 
JOOS 0.6758 ±45 25.0460 ± 73 0.2688 ± 8 0.1796±15 0.6205 ±47 1.01 3293 ± 7 
1050 0.6549 ±49 24.3476 ± 95 0.2697±16 0.1772±17 0.5750±65 0.99 3287 ± 13 
1059 0.6577 ± 30 24.3837 ± 58 0.2689 ± 10 0.1744±13 0.6498 ± 39 0.99 3291±8 
1064 0.6477 ± 37 23.8685 ± 70 0.2673 ± 10 0.1704 ± 16 0.4585 ± 42 0.99 3286 ± 8 
J052 0.5086 ±46 19.1807 ± 106 0.2735 ± 15 0.1508 ± t9 0.7236 ± 89 0.87 3275 ± 14 
J040 0.3468 ± 123 12.3112±3590.2574±17 0.0869±260.7110±120 0.73 3236 ± 16 
J057 0.5315 ± 108 19.56!7 ± 206 0.2669 ± 10 0.1601±14 0.5001±77 0.9 3240 ± 9 
J007 0.3866 ± 51 13.7895 ± 134 0.2587 ± 7 0.1396 ± 14 0.3655 ± 89 0.77 3165 ± 9 
J096 0.2933 ± 22 9.7098 ± 97 0.240 l :±: 15 0.ff776 ± 12 0.5401 ± 138 0.69 1461 ± 20 
J039 0.1779 ± 51 6.7208 ± 290 0.2740 ± 12 0.0218 ± ! 2 2.1417 ± 1074 0.51 905 ± 48 
J085 0.1341±19 4.1225 ± 151 0.2230± JO 0.0184±6 1.9039 ± 669 0.49 714 ± 20 
.1017 0.1275±19 3.7326 ± 167 0.2124± 17 0.0451 ±7 0.8973 ± 82 0.49 650 ± 18 
3.2.5 Interpretation 
3.2.5.1 Comparison of Jacobina and Tombador green quartzites 
Clearly there are differences in the ages of detrital zircons in the green Jacobina 
quartzite and the green Tombador Formation conglomerate clast. As shown in figure 
3.13, the Tombador Formation conglomerate clasts have a larger pre 3.5 Ga tail 
(> 10% ), and they lack the post 3340 Ma grains that dominate the Jacobina quartzite. 
However, the 3450-3400 region of these populations is broadly similar. Thus, 
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although it is unlikely that these are samples of the same rocks, the Jacobina quartzite 
has a zircon population that could be derived from a combination of the Tombador 
clast and a prominent 3300 Ma event. 
3.2.5.2 Comparison of Jacobina to previous work 
There are also many similarities between these data and the results of a 
previous detrital zircon study of Jacobina sediments (Mougeot, 1996). Both studies 
show populations of 3.5-3.25 Ga zircons, with a late Paleozoic lead loss event. The 
greater amount of concordance and larger sample size of this study permits the 
presentation of the probability curves shown in figure 3.13 and figure 3.12. Only 8 
zircons from the previous study of the Jacobina were less than 10% 
discordant (Mougeot, 1996). 
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Figure 3.13 A comparison of the Jacobina and Tombador conglomerate probability 
curves, plotted to similar scales. Each zircon is represented as an equal area 
gaussian curve, and the rock curves are the sums of the grains dated. Only 
concordant data were used for these plots. 
Mougeot (1996) also shows a small population of 2.1 Ga zircons. This has 
been used as a maximum sedimentation age (Ledru et al., 1997), but because the 2.1 
Ga grains are only found in pelitic gneisses, the possibility of metamorphic or 
hydrothermal zircon growth must be considered. Mougeot (1996) does not provide 
sufficient detail to determine the geologic context of his zircons, and the high degree of 
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discordance in most of his geochronological measurements makes interpreting them 
difficult. 
3.2.5.3 Implications for regional geology 
The ages of the detrital zircons found in the Rio Cachorrinho reflect all of the 
major tectonic events on the Sao Francisco craton prior to 2.0 Ga. The main 
population is -2.1 Ga. This is a Trans-Amazonian age, and Trans-Amazonian plutons 
intrude most of the eastern portion of the craton. The late Archean formation of the 
Jequie and other coastal metamorphic belts could be the source of the 2.8 to 2.5 Ga 
population. Finally, half a dozen grains in the 3.5-3.2 Ga age could be derived from 
the old basement sources. These zircons probably weathered out of the green clasts of 
the Tombador conglomerate that dominates the drainage of this river, and the ages of 
those zircons and the Jacobina quartzite zircons are discussed below. 
Prior to this study, the oldest zircon associated with the Sao Francisco Craton 
was a 3466 Ma core identified by Nutman et al. (1993) in a zircon from a 3403 Ma 
gneiss from the Sete Voltas Massif. However, based on Sr and Nd isotopic modeling, 
Martin et al. (1997) suggested that the Sete Voltas rocks were derived from partial 
melting of pre-existing crust with a Nd model age of 3.66 Ga. Alternatively, they 
suggest that the mantle source for the Sete Voltas rocks may have been enriched. 
The presence of three zircons with crystallization ages between 3.7 and 3.6 Ga 
in the Tombador Formation green quartzite clasts suggests that rocks of this age do 
indeed exist in the Sao Francisco craton. Partial melting of the source rocks for these 
zircons could produce magmas with the isotopic compositions observed by Martin et 
al. (1997) Tombador green clast grain T-041 is also the oldest known zircon from 
South America to date, and is almost 200 Ma older than the previous oldest known 
grain (Martin et al., 1997; Nutman and Cordani, 1993). 
In addition to having a few very old grains that are the same age as the Nd 
model age of the Sete Voltas rocks obtained by Martin et al. (1997), the bulk of the 
zircons found in the Tombador green clasts are similar to the 3400-3350 ages 
determined for the Sete Voltas basement of the Contendas-Mirante belt (Nutman and 
Cordani, 1993). This allows the Sete Voltas rocks to be the source of the Tombador 
green clast zircons. 
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The 3.4 Ga-3.3 Ga 'old gray gneisses' of the Sete Voltas are interfingered with 
younger rocks with ages between 3.25 and 3.0 Ga (Martin et al., 1997). No such ages 
are found in the Tombador population. However, most of the 206Pb/207Pb ages of the 
56 discordant Tombador grains fall between 3.35 Ga and 2.9 Ga. Although the old 
gray gneisses have been dated using SHRIMP (Martin et al., 1997; Nutman and 
Cordani, 1993), the younger rocks have only been dated by Rb-Sr and 206Pb/207Pb 
single zircon evaporation (Kober, 1986; Kober, 1987). Neither of these techniques can 
test for discordance or isotopic resetting. It is interesting that one of the ways that the 
young gray gneisses in the Sete Voltas are distinguished is by its smaller 
grainsize (Martin et al., 1997). Because diffusion and closure temperatures are 
grainsize dependent, the younger observed Rb-Sr ages of the fine-grained young gray 
gneiss may simply be due to increased isotopic resetting during metamorphism As 
shown in figure 3.14, the non-zero age Pb-loss age causes discordant zircons to have 
younger 206Pb/2°7Pb ages. If the zircons dated using single grain evaporation have 
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Figure 3.14 An age histogram for concordant and discordant grains from the green 
quartzite clasts in the Tombador conglomerate. The inclusion of discordant grains 
suggests igneous activity continues 100 million years after the concordant grains 
showed that it ceased (figure 3.8). 
It is important to remember that -3.1 Ga concordant zircon ages are known 
from the western Gaviao block (Nutman and Cordani, 1993). Because zircons of this 
age are not found in either the Jacobina or the Tombador green clast zircon 
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populations, it is unlikely that these sediments are derived from that area of the Gaviao. 
This is consisted with sedimentological studies that show eastward derivation for the 
Tombador sediments (Pedreira, 1997; Sampaio et al., 1994). Both samples are very 
different than the detrital zircon population of the Contendas-Mirante belt cover 
sequence, which contains zircons with ages similar to Trans-Amazonian and Jequie 
aged rocks (Nutman et al., 1994). 
Regardless of their provenance, these grains are among the oldest zircons 
found in the Sao Francisco craton. The history of this area prior to 3.3 Ga was 
previously established through the SHRIMP dates of two gneisses (Nutman and 
Cordani, 1993) and a detrital zircon study of Jacobina sediments which found less than 
a dozen zircons with concordant ages (Mougeot, 1996). The similarity in parts of the 
probability plots for these two detrital zircon populations (figure 3.13) may indicate 
that these were the earliest times of magma generation in the Sao Francisco Craton. 
3.3 Search for indicator minerals 
3.3.1 Goal of study 
Most minerals that are in equilibrium with diamond are unstable in the lateritic 
surface environment of the tropics, and rapidly weather. However, some high pressure 
phases, including diamond and coesite, can be trapped in minerals such as zircon which 
are fairly stable in the sedimentary environment. Zircons recovered from a carbonado-
bearing stream (Rio Cachorrinho) were examined to see if high pressure phases were 
present as inclusions. 
As was previously mentioned, rutile is found as an accessory phase, or as a 
xenocryst in kimberlites. It is also an important minor phase in crustal eclogites and 
other UHP rocks. However the chemical composition of rutile from these two settings 
is very different. Rutiles were analyzed using WDS or EDS with the Cameca electron 
probe at RSES to determine if any of them had chemical composition that were 
compatible with UHP or kimberlitic genesis. The methods used are described in 
Appendix A.3.2. 
3.3.2 Zircon inclusions 
Sixty-five zircons from the Rio Cachorrinho collected near the site of early 20th 
century diamond washings were examined for the presence of inclusions. Inclusions 
C. W. Magee, Jr. Detrital mineral study 87 
found were quartz, xenotime, and an iron oxide. The quartz fluoresced orange under 
the SEM electron beam, suggesting that it was quartz, and not a high pressure Si02 
polymorph. Fifty of these zircons were then dated, and the results are described 
above, in section 3.2. 
3.3.3 Rutile compositions 
Fifty-six rutile grains were analyzed for major and minor element composition. 
No rutiles with an Al20 3 content greater than 0.25% were detected, so there is no 
evidence for an UHP event. Two rutiles with a Cr20 3 content greater than 0.5% were 
detected. These two grains, as well as a dozen other rutiles, were reanalyzed using an 
electron microprobe method specific to rutile. The results from this analytical session 
are presented in table 3.4. 
3.3.3.1 Potential mantle rutiles 
The most likely potential mantle rutile was grain 3-1. This rutile has a Cr20 3 
content of 1.24% and a Nb20 5 content of -0.43%. These values are similar to those of 
kimberlitic rutile (Haggerty, 1991). If this paragenesis can be confirmed, it suggests 
that an enriched, mantle-derived kimberlite source is present in the same drainage as 
the diamond source. In an attempt to further constrain this occurrence, the rutile was 
dated using laser ablation ICP-MS (table 3.1). 
3.3.3.2. Rutile date 
An attempt was made to date rutile 3.1 while dating the zircons from the Rio 
Cachorrinho. Despite low U and Th concentrations, an age of 2933 ± 27 Ma was 
obtained. Although the 208Pb/232Th common Pb corrected 207Pb/235U, 206Pb/238U, and 
207Pbf206Pb ages were just barely within 1 sigma error of each other, this grain was 
slightly reverse discordant. 
This reverse concordance is most likely machine-induced fractionation of U 
from Pb, and is a result of using a zircon standard. The Pb/U ratio increased 
throughout the analysis. This is usually observed, and is believed to be an effect of U 
precipitation in the laser hole. It is corrected for by referencing to a standard of a 
known homogenous composition, in this case zircon standard SL13. However, if this 
fractionation effect is matrix dependent, and more refra~tory matrixes have greater 
fractionation, then rutile data would be expected to be undercorrected when compared 
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to a zircon standard. A similar effect is reported by Horn et al. (2000) who reported 
highly reverse discordant measurements on a Zr02 standard using standardization 
methods designed for zircon. The issue of machine-induced fractionation casts doubt 
on the reliability of this single age, and until further studies can be performed, 
preferably with a rutile standard, this date will be interpreted as tentative. 
Table 3.4 Composition of rutiles from the Rio Cachorrinho. Al20 3 was below the 
detection limit for all samples due to a high background from the third order Ti 
refraction. This reduces the detection limit to 0.3% Multiple RC3-1 analyses are 
from different spots on the grain. All Fe is reported as FeO. The tentative U/Pb age 
information for rutile R3-1 is iven in table 3.1, as RCR1. 
Sample i02 Ti02 Zr02 Nbp5 Crp3 FeO CaO Ce02 Total 
R3-2 91.43 b 2.15 0.02 0.79 b 0.08 94.48 
Rl-4 90.85 0.22 0.87 b 0.8 b 0.07 92.82 
R3-5 93.28 b 1.06 b 0.99 b 0.08 95.41 
R5-6 .02 89.77 0.04 3.32 0.02 1.7 O.Dl b 94.88 
R5-5 92.08 0.13 0.55 0.20 0.4 b 0.04 93.41 
R5-7 88.66 0.08 1.45 0.58 0.85 b 0.06 91.69 
R5-8 8.17 0.21 3.67 O.Q7 0.7 b b 92.82 
R5-9 91.34 0.19 0.45 0.33 0.07 b 0.06 92.44 
R5-11 88.71 0.21 0.51 0.22 0.08 b 0.1 89.93 
R8-10 88.39 0.15 2.77 0.14 0.7 b 0.09 91.24 
R8-11 86.41 0.21 1.49 0.04 0.4 b 0.05 88.59 
R7-5 95.01 0.1 0.21 0.02 0.75 b 0.06 96.14 
R5-15 87.47 0.16 0.66 0.21 0.18 b 0.04 88.72 
R5-5.1 .04 83.94 b 0.54 0.28 0.53 0.04 0.05 85.41 
R3-1.1 90 b 0.34 1.32 0.17 0.05 0.09 91.98 
R3-1.2 .02 95 b 0.49 1.29 0.2 0.04 0.06 97.1 
R3-1.3 94.8 0.06 0.55 1.35 0.2 0.06 0.08 97.09 
R3-1.4 95.52 0.03 0.39 1.11 0.21 0.09 0.05 97.4 
R3-1.5 95.43 b 0.41 1.28 0.2 0.50 b 97.36 
R3-1.6 95.01 b 0.43 1.07 0.23 0.10 0.06 96.89 





























0.17 0.15 b 97.3 
0.18 0.02 0.06 96.98 
0.2 0.04 b 97.05 
0.20 0.11 0.05 96.66 
0.02 b b 99.57 
0.02 b b 100.3 
b 0.01 b 100.61 
If this date is correct, however, it isgeologically significant. None of the 
zircons from the Rio Cachorrinho have ages between 3202 ± 15 and 2765 ± 28 Ma, 
suggesting that this was a period of quiescence on the Sao Francisco craton with 
regards to intermediate-to-felsic magma production. Most diamonds found on Earth 
today are transported to the surface by mantle-derived magmatic activity in tectonically 
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quiescent areas. Although the time since the last tectonic activity in most areas mined 
for diamonds is generally more than 250 Ma, some deep lithosphereic mantle-derived 
diamondiferous magmas, such as the lamproite near Murfreesboro, Arkansas, USA, 
erupted 100-200 million years after the latest orogeny (Nixon, 1995). 
3.4 Summary 
This study has shown that carbonado is associated with some of the oldest 
zircon populations found in South America. However, the diversity in the detrital 
zircon signature of carbonado bearing river sand makes it difficult to determine a likely 
source region, as the detrital zircon signature of the Rio Cachorrinho is representative 
of the entire eastern Sao Francisco craton. The detrital zircon populations of the 
Tombador Formation conglomerate clast and the Jacobina quartzite are more 
enlightening of the regional geology than they are for constraining the origin of 
carbonado. However, these old ages are consistent with the carbonado ages obtained 
by Ozima and Tatsumoto (1997). Also, the local garimpeiros use fuchsite as an 
indicator mineral, so the green clasts, which are extra formational, may have some 
relation to the carbonado source region. The zircon population of the Rio Cachorrinho 
is similar to an average of eastern Bahia, which is consistent with the eastern derivation 
of these sediments, something already known from sedimentology (Pedreira, 1997). 
The chromian rutile grains are potentially more useful for constraining the 
origin of carbonado, although only one of them contains enough in Cr to be considered 
to have a mantle origin. The geochronology on this grain also needs to be verified, but 
it is interesting that it lies in a time of igneous quiescence, according to the detrital 
zircon signature, and that its age lies within the time frame of carbonado uranium 
exposure, which is believed to have occurred between 2.8 and 3.6 Ga (Ozima and 
Tatsumoto, 1997). 
Even if carbonado was erupted in a kimberlite, the genesis of carbonado, and 
why it is morphologcally different to other kimerlitic diamonds, is still unknown. In 
addition, in order to relate a mantle-derived magmatic eruption to carbonado, all non-
mantle theories of carbonado genesis must be refuted. The best way to do this is to 
look at the diamond microstructure of carbonado, which is the subject of the next 
chapter. 
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Chapter 4: Carbonado microstructure 
Carbonado microstructure is one of the most important constraints on the 
origin of carbonado. Unlike the other features previously described in this thesis, 
microstructure is probably an original feature; the slow diffusion rate of atoms in 
diamond at crustal temperatures (Chrenko et al., 1977) means that crystal defects and 
grain shapes are unlikely to have been altered by epigenetic processes. As a result, this 
microstructure has been studied for over 70 years. 
4.1 Previous work 
4. 1. 1 Fractured and polished surfaces 
Several studies of fractured or polished carbonado surfaces have been 
undertaken in order to establish the microstructure of carbonado. These studies have 
revealed much about the grain size, grain habit, grain boundaries, and fracture 
properties of carbonado. 
4.1.1.1 Carbonado grain size. 
Although carbonados can be quite large, sometimes weighing more than 1 OOg 
(Barbosa, 1991 ), the individual crystals are usually quite small, generally ranging in 
size between 0.5 and 40 µm, with most of the grains smaller than 10 µm (De et al., 
1998; Milledge et al., 1998; Orlov, 1973; Trueb and de Wys, 1969; Trueb and de Wys, 
1971). However, carbonados with substantially larger grains have been reported. 
Trueb and de Wys (1971) describe a grain that is 250 µm across in one carbonado, 
while other researchers describe the upper limit of the grainsize of carbonado as 80 or 
95 µm (Fettke and Sturges, 1933; Kaminsky, 1991). 
4.1 .1.2 Grain morphology and bimodal size distribution 
Fettke and Sturges (1933) described the texture of Brazilian carbonado as 
having a fine grained matrix of irregular-shaped diamond in which large (60-95 µm) 
octahedral diamonds are embedded. These large grains can also be cubic, and Trueb 
and de Wys (1971) were the first to suggest that this could indicate a two stage growth 
process, based on the observations of carbonado from the CAR. This texture has since 
been observed by other researchers (De et al., 1998). In some carbonado, C isotopic 
and N compositions may be correlated with grain morphology (De et al., 1999). 
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Characterization of this texture is a major focus of this chapter, and some of the results 
of this study have been published previously (Magee and Taylor, 1999). 
Large euhedral grains were not observed in all carbonado specimens (Trueb 
and de Wys, 1971). Some carbonados also contained very small (<1-3 µm), 
octahedral diamond grains interspersed within an irregular, anhedral diamond matrix 
(Trueb and de Wys, 1969; Trueb and de Wys, 1971). 
4.1.1.3 Grain boundaries 
The grain boundaries of the grains that make up carbonado have been 
described as interlocking, irregular, and similar to ceramics or cyptocrystalline quartz 
(Fettke and Sturges, 1933; Trueb and de Wys, 1969). In some cases, though, the 
large, euhedral grains appear to be less firmly bound to the other carbonado grains 
(Trueb and de Wys, 1971). In CAR carbonado, cracks along some of the grain 
boundaries are observed, and these are filled with inclusions of a mineral, possibly 
florencite, which was interpreted to have seeped into the carbonado. 
4.1.1.4 Fracture properties 
Fractures in carbonado occur both along grain boundaries and across grains 
(Trueb and de Wys, 1971). Grain fracture has been observed along diamond cleavage 
planes (Trueb and de Wys, 1969). In addition, nanometer scale mircopores are visible 
along these fractured surfaces (Trueb and de Wys, 1971). Separation of grains can also 
occur near the fracture plane (Trueb and de Wys, 1971). 
4.1.2 X-ray studies 
X-ray studies of carbonado have been used to determine the lattice orientation 
of the diamond. The studies have generally shown that carbonado contains no non-
diamond carbon phases, although some studies suggest that an amorphous phase could 
be present. Most X-ray studies also show that the diamond in carbonado has a random 
crystal orientation (Brandenberger, 1930; Jeynes, 1978; Kaminsky, 1991; Orlov, 
1973), although there is one report of a preferred orientation, based on the observation 
of fractured surfaces (Trueb and Butterman, 1969). This observation has not been 
confirmed by X-ray diffraction, or repeated in subsiquent studies (Trueb and de Wys, 
1969; Trueb and de Wys, 1971). 
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Although the diamond crystals in carbonado do not have preferred orientation, 
the minerals contained in their pores can. X-ray studies show that inclusions in 5 to 
20% of carbonados from Brazil and the CAR, have a preferred orientation. The most 
likely cause of this is a preferred orientation of the pores which contain these minerals 
(Trueb and de Wys, 1969; Trueb and de Wys, 1971). 
4.1.3 Lattice dislocations and microinclusions. 
Several transmission electron microscopy (TEM) studies have been done on 
carbonado to determine the concentration and type of dislocations present. The 
density of dislocations in carbonado varies considerably, with some carbonado grains 
containing relatively few dislocations (De et al., 1998; Trueb and de Wys, 1969). At 
the same time, other measurements give very high dislocation densities, at 108 to 1010 
cm·2 (Trueb and de Wys, 1971), or in some cases higher than 1012 cm·2 (De et al., 
1998). These values are considerably higher than the number expected to form as a 
result of crushing carbonado in the sample preparation process (Trueb and de Wys, 
1971). The same dislocations are found in both crushed samples and ion milled 
samples (De et al., 1998), suggesting that they are not related to sample preparation. 
According to De et al. (1998) the euhedral diamond grains are relatively dislocation 
free, while the anhedral diamond grains have the extremely high dislocation density 
reported above. 
Carbonados from the CAR contain dislocation loops, helixes, dipoles, possible 
screw dislocations, and isolated dislocations near crystal boundaries (Trueb and de 
Wys, 1971). The grain boundaries have been described as both straight and 
interlocked (Trueb and de Wys, 1969). In both Brazilian and CAR carbonado, some 
dislocations obey the slip system a/2[ 110] { 111}. Some dislocations form random 
tangles, and others are found in en echelon arrangement, roughly parallel to the { 111 } 
plane, which is the main cleavage plane in diamond (De et al., 1998). 
Polygonization networks are present in carbonado, and they outline subgrains 
with a size of 1-10 µm. The difference in crystal orientation between subgrains is too 
small to be detected (De et al., 1998). 
Carbonado also contains planar defect lamellae. These appear in both ion 
milled and crushed samples, and are more likely to be slip planes than twins. These. 
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lamellae are smaller, more periodic, and less parallel to { 111} than the planes found in 
impact-formed diamond (De et al., 1998). 
Some mineral and possible fluid inclusions have been detected (De et al., 1998; 
Trueb and de Wys, 1969). However, there are very few inclusions completely 
enclosed by single crystals in carbonado diamond, and most of the inclusion-like 
features lie on grain boundaries (Trueb and de Wys, 1971). 
4.2 Optical studies of carbonado microtexture 
The only study of Brazilian carbonado microtexture in which polished 
carbonado was examined is over 60 years old, and consists of three photographs of 
poorly polished carbonado surfaces (Fettke and Sturges, 1933). Although this study 
was useful in reporting the basic microstructure of carbonado, a more comprehensive 
study of polished carbonado surfaces is presented in this thesis, using a larger number 
of stones from both Brazil and the CAR. Twentyone carbonados (8 from the CAR, 13 
from Brazil) were cut and polished, and the polished surfaces were examined with a 
reflecting light microscope. This method is described in Appendix A.4.1. 
4.2.1 Verification of grain boundaries by electron backscatter diffraction 
(EBSD) 
It is difficult to determine whether or not features observed in reflected light 
are actually grain boundaries, so independent methods are required to verify 
interpretations. EBSD was done on two samples to determine if the crystallographic 
orientation of the diamond crystals changed when a supposed grain boundary was 
crossed. The methods are described in appendix A.4.4. Obtaining a high quality 
diffraction pattern requires a well polished surface, as the crystal lattice close to the 
surface of a sample can be damaged by an imperfect polish. This level of polish was 
not attained in the samples polished, possibly due to the extreme hardness of diamond 
compared to the collodial silica usually used for polishing EBSD samples. It is also 
possible that the radiation damage described in chapter 2 also damaged the crystal 
structure. 
In any case, most measurements only yielded two or three Kukuchi bands, 
which are not enough to make a reliable determination of the absolute crystallographic 
orientation. Nevertheless, in samples B-1 and R-Gl, those Kukuchi bands that were 
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visible changed position when supposed grain boundaries were crossed, but were 
constant across a single grain. This means that the presumed grain boundaries indeed 
separated areas of different crystallographic orientation. 
4.2.2 Reflected light textures 
4.2.2.1 Anhedral texture 
Figure 4.1 shows the microtexture of a typical carbonado. This carbonado 
consists entirely of anhedral grains of diamond, which have irregular grain boundaries 
and a large grain size distribution, ranging from less than 1 µm to over 40 µm. Six of 
the 8 carbonado samples from the CAR, and 8 of the 13 Brazilian samples exhibit only 
this anhedral texture. Although the average grainsize can vary, the microtexture of 
both Brazilian and CAR samples appears to be the same, as is shown in figure 4.2. In 
addition, all carbonados, with the possible exception of Brazilian samples R-F7 and L-
5, exhibit this texture consisting of anhedral, interlocking grains for at least some parts 
of the observed polished surfaces. There are several variations to this anhedral grain 
texture, some of which are described below. 
Figure 4.1: Reflected light photomicrograph of carbonado CAR-17, from the CAR, 
showing a typical carbonado microtexture. The scale bar (upper left hand corner) is 
200 µm long. The grainsize in this carbonado varies from about 45 µm down to the 
resolution of the picture. The grain boundaries are generally irregular, with jagged 
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edges, although a few grains have somewhat regular shapes. The dark areas in 
this picture are pores. 
Figure 4.2: Reflected light photomicrograph of Brazilian carbonado R-E3 shows a 
microstructure similar to that of carbonado CAR-17, which is shown in figure 4.1. 
Despite the different average grainsizes, both the Brazilian and CAR carbonados 
have similar microtextures. The scalebar is 200 µm; this picture was taken at the 
same magnification as figure 4.1. 
4.2.2.2 Increased grainsize along pore boundaries 
In some cases, the grainsize of the anhedral carbonado texture increases close 
to pores. In addition, the grain boundaries between these larger grains can be less 
jagged and irregular than those generally found between diamond grains in carbonado. 
Figure 4.3 shows an example of enlarged grain size around carbonado pores. This 
feature is common in grains CAR-16 and CAR-24, and it can also be seen in sample 
CAR2, along with Brazilian samples R-Gl and R-E3. 
4.2.2.3 Fractures and fine-grained planes. 
In addition to having enlarged grains along pore boundaries, carbonados can 
also have features showing reduced grainsize. Figure 4.4 shows a linear feature along 
which the diamond grainsize is reduced relative to the rest of the sample. The cause of 
this feature is unknown, but CL suggests that this area is more porous that the rest of 
the carbonado, as has been damaged by radiation to a greater degree (figure 4.5). 
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Figure 4.3: Reflected light photograph of carbonado CAR-16, showing enlarged 
grainsize in proximity to carbonado pores. The horizontal lines are grooves 
resulting from a poor polish, which also obscured the fine microstructure in the 
areas in between the pores. Scale bar is 200 µm . 
. , ,.~; 
Figure 4.4: This reflected light micrograph of carbonado CAR-24 shows a fine-
grained linear feature cutting across the picture. The scale bar is 200 µm. The 
diamond grains surrounding the pores of this carbonado are slightly enlarged, a 
feature illustrated in figure 4.3. 
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Figure 4.5: This CL image of carbonado of CAR-24, taken using a luminoscope, 
shows that the linear feature in figure 4.4 shows reddening of the CL response, 
suggesting that this area contained radioactive fluids or was a site for deposition of 
uranium-bearing secondary minerals. For a review of the relationship between CL 
color and radiation damage, refer to chapter 2. The peach-colored CL in the bulk of 
this stone is a result of a mixture of the green 504 nm and yellow-red 575 nm/638 
nm CL responses. The small, bright blue specks are grains of natural diamond 
polishing grit which remained on the carbonado surface after cleaning. The field of 
view in this picture is approximately 1 .0 mm. 
4.2.2.4 lntra-carbonado anhedral grain size inhomogeneity 
Figure 4.1 and figure 4.2 show that different carbonados with an anhedral 
microtexture can have different average grainsizes. However, one carbonado was 
found where the average grainsize varies across the polished surface on the single 
stone. Brazilian carbonado R-G 1, shown in figure 4.6, has an average grain size that is 
anywhere from 5 to 60 µm, depending on the area studied. The sample consists of 
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areas of lobate coarse-grained features 100 to 500 µm in size, which are separated by 
regions of very small average grainsize. The origin of these features is unknown. 
Figure 4.6: A reflected light photomicrograph of Brazilian carbonado R-G1. 
Although this carbonado has an anhedral texture, it is much more inhomogeneous 
than most anhedral carbonados. It consists of round, sub-equant regions of large 
grainsize, separated by regions of extremely fine grainsize. In some cases, the 
grainsize decreases gradually away from these large-grainsize regions, while in 
others, the change in grainsize is abrupt. Unlike carbonado CAR-24, there are no 
CL features that correlate to the regions of fine grainsize. Figures 2. 7 and 2.8 show 
the CL response of this grain. The scale bar is 200 µm. 
4.2.2.5 Microdiamonds in carbonado 
Two of the CAR carbonados studied, and five of the Brazilian ones, have a 
texture that does not consist entirely of interlocking anhedral diamond crystals. As is 
shown in figure 4.7, these carbonado samples have larger monocrystals imbedded in 
the anhedral matrix. The monocrystals are generally larger than in the anhedral 
textured carbonado. However, the anhedral matrix is generally finer grained than that 
in anhedral carbonados. Euhedral monocrystals in carbonado were first observed by 
Fettke and Sturges (1933), and later researchers suggested that they may be an 
indicator of two stage growth processes (Trueb and de Wys, 1971 ). 
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4.2.2.6 Fractured monocrystals 
In three of the carbonados studied, the euhedral monocrystals were 
fractured. Figure 4.8 shows and example of this, where euhedral diamond crystals 
with square cross sections have been fractured. This carbonado is also an example of a 
carbonado that has pores with a preferred orientation- in this picture they tend to trend 
from lower right to upper left. These pores have an irregular shape where they border 
the euhedral grains, but more rounded borders where they are surrounded by anhedral 
matrix. 
Figure 4.7: A reflected light photomicrograph of Brazilian carbonado B-1. This 
carbonado contains many monocrystals imbedded in a fine grained anhedral matrix. 
Some of these monocrystals are euhedral, while others have irregular shapes. The 
largest monocrystals in this carbonado are approximately 90 microns across. The 
semicircular feature is a pit from eximer laser ablation mass spectrometry. The 
scale bar is 200 µm. 
4.2.2. 7 Low matrix carbonado 
In one carbonado, there is almost no matrix at all. Figure 4.9 shows Brazilian 
carbonado R-F7. This stone has very few irregular, interlocking grains, and instead is 
composed mostly of polygonal grains, many of which are fractured. As in carbonado 
CAR-1, the grain boundaries of these monocrystals intrude into the pores, giving the 
pores very irregular shapes. 
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Figure 4.8: A reflected light photomicrograph of CAR carbonado CAR-1. This 
image shows fracturing in diamond crystallites that are square in cross section. The 
dark appearance of the matrix is due to a rougher polish than that in other photos. 
The poor polish is due to the large size (>2 grams) of this sample compared to the 
other carbonados, and the fact that the laser cut surface that was polished is not 
quite flat. The scale bar is 200 µm. 
Figure 4.9: A reflected light photomicrograph of carbonado R-F7. This carbonado 
has very little anhedral matrix, and is comprised primarily of euhedral and subhedral 
grains, many of which are fractured. The pores generally have irregular shapes, as 
they wrap around the monocrystals. In this picture, there are some short streaks 
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emanating from some of the pores. These are scrapes formed during the polishing 
process. The grain size of the monocrystals in this carbonado can sometimes 
exceed 200 microns. The scale bar is 200µm. 
4.2.2.8 Other textures 
Carbonado L-5, from Brazil, has very large crystals, which may exceed one mm 
in size. However, these crystals are fractured, and reflected light images of this 
carbonado do not reveal grain boundaries. CL studies show that most of the surface 
features seen in reflected light are intragranular fractures. 
The radically different texture in carbonado L-5 compared with other grains 
suggests that it may not be a carbonado, but may be another sort of diamond that was 
found in the same deposit. Previous studies have shown that a small fraction of 
diamonds that are classified as carbonado are chemically and isotopically distinct from 
most 'normal' carbonado (Kamioka et al., 1996; Shelkov et al., 1997). 
4.2.3 Microstructure of laser etched carbonado surface 
Reflected light observation of laser-etched surfaces also revealed carbonado 
microtexture. Laser etching, described in Appendix A.4.1, revealed the anhedral 
microtexture of carbonado B-2 far better than that visible on the polished surface. 
This laser etched surface is shown in figure 4.10. 
4.2.4 CL radiation images- accidental textures 
Many CL pictures also show features relating to the microtexture of the 
carbonado. Although most pictures were taken of CL features related to radiation 
damage, they are also useful for identifying mircostructural features, especially on fine-
grained samples where the grainsize is too small to be observed using reflected light 
microscopy. In chapter 2, figure 2.14 shows that carbonado CAR-2 has a very fine 
grained anhedral microtexture, with few grains larger than 15 µm across, and most 
smaller than 5 µm. Figure 2.9 shows similar views of the microtexture of CAR-11, but 
the grains in that sample are generally larger, with the largest in this picture about 40 
µm across. Figure 4.11 shows a CL image of CAR-16 where grain boundaries are also 
present. Because an uneven polish made photographing this grain difficult in reflected 
light, these images can be useful for viewing the microtextures of these carbonados. A 
few grain boundaries are also visible in figures 2.7 and 2.11. 
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Figure 4.10: A reflected light photomicrograph of the laser etched circular pit on 
Brazilian carbonado B-2. The image is approximately 220 µm across. This picture 
shows the typical anhedral carbonado microtexture that is also visible in reflected 
light. However, in this well-polished sample, the grain boundaries on the polished 
surface (outside of the pit) are difficult to see. The difference in reflectance of the 
etched grains is probably due to crystal orientation. Some of these grains also 
show linear features across them. It is not clear what these are, although they may 
be cleavage planes, since they seem to occur in parallel sets. 
Figure 4.11: SEM CL image of carbonado CAR-16. This sample has a large cross 
section, and the polish is fairly poor, resulting in grooves which can be seen 
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crossing the image horizontally. However, the anhedral grain texture can be seen 
fairly easily in this sample. The grain size is fairly large, with several grains larger 
that 50 µm across visible in this picture. The light and dark patterns are from the CL 
response. The black regions are where the CL is quenched by radiation damage 
due to proximity to a pore. The dark and light gray are orange and green CL, 
respectively. The CL detector used for this image is more sensitive to green light 
than orange light, so green appears brighter. 
4.3 Cathodoluminescence studies of carbonado texture 
As was illustrated in figure 2.33 and figure 2.17, not all CL features in 
carbonado are caused by radiation damage. In particular, those carbonados which 
contain euhedral monocrystals often exhibit CL features that reveal textural 
information. 
4.3. 1 Cathodoluminescence differences between euhedral 
microdiamonds and anhedral matrix 
The CL of the euhedral rnicrodiamonds found in some carbonados is often 
strikingly different in color and intensity that that of the surrounding matrix (figure 
4.12). A close up of the area of the carbonado surface shown in figure 4.12 highlights 
the differences in intensity (figure 4.13). 
Figure 4.12: Luminoscope image of Brazilian carbonado B-1 . This image shows 
the range of CL colors emitted by this carbonado. The change in brightness across 
the image is due to uneven electron beam intensity. Nevertheless, this image 
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shows a variety of yellow, green, and dark grains imbedded in an orange matrix. 
Areas near pores are CL dark due to epigenetic radiation damage, as described in 
chapter 2. The area pictured is about 1 .1 mm across. The linear feature that 
crosses the image from the bottom towards the upper-left corner is a groove caused 
by the polishing process. 
Figure 4.13: SEM generated CL image of carbonado 8-1. This image of Brazilian 
carbonado B-1 shows the same area as figure 4.12, but with the greater 
magnification and better spatial resolution available from the SEM. This image is 
rotated approximately 35 degrees clockwise from in figure 4.12. A scale bar is 
shown in the image. This figure shows that microdiamonds embedded in the 
carbonado matrix have a range of shapes and luminescence features. Several of 
the grains, including 4 in a row across the middle of the image, are CL dim or dark, 
in some cases almost as dark as the radiation halo around the pore in the upper 
left-hand corner. Other grains are extremely bright, including a broken, zoned 
grain that is just below the center of the image. The shape of these grains is also 
variable. Some grains appear to be euhedral, with triangular or rectangular cross 
sections, but many of the grains have irregular shapes, and appear to be 
aggregates. Several grains are also zoned, and zoning is discussed in more detail 
in section 4.3.2. 
Not all carbonados show this variation of color in their microdiamonds. Figure 
4.14 shows that in Brazilian carbonado R-F7, there are two colors of microdiamond in 
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a yellow matrix. Figure 4.15 shows almost no color variation in carbonado CAR-1, 
which is heavily radiation damaged. 
Figure 4.14: CL luminoscope photomicrograph of Brazilian carbonado R-F7. This 
image shows a high density of green and dull yellow microdiamonds embedded in a 
yellow fine-grained anhedral diamond matrix. Most of the dark microdiamonds in 
this image are subhedral, while the green ones are anhedral. The small blue dot 
visible above center of the image is a piece of natural diamond polishing grit. Some 
grooving is visible, and it is oriented vertically in this picture. This image is 1 .1 mm 
across, and the grainsize in this carbonado is much larger than in most other 
samples. This sample contains few radiation damage features. 
The CL colors of microdiamonds in carbonados often distinguishes them from 
the matrix. In addition, the CL color can change within single microdiamonds. This is 
shown in figure 4.15, where a green microdiamond with a square cross section is 
reddened and CL darkened near a pore, and in figure 4.12, where a yellow grain with a 
triangular cross section is reddened near a pore. These are both examples of changes 
the CL of a single diamond crystal due to epigenetic radiation damage. Growth 
processes can also cause a grain to have an inhomogenous CL response. The most 
common of these is zoning. 
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Figure 4.15: This is a CL luminoscope photograph of carbonado CAR-1. The area 
shown is approximately 1.1 mm across. This carbonado is more porous than most 
other carbonados studied, and this image shows extreme amounts of radiation 
damage, including large areas where the CL has been quenched around pores. 
Many bullseye haloes are also present. These features are described in chapter 2. 
Also visible are several euhedral grains. Near the right hand side of the image is a 
square CL green grain, the upper left hand side of which is not visible, due to CL 
quenching from a nearby pore, and other euhedral grains are visible. Most of these 
grains have the same CL color as the matrix, and it is only intensity that allows them 
to be distinguished. It is possible that the severe radiation effects on the CL of this 
sample may partly explain why the CL is more uniform than in other carbonados 
with euhedral microdiamonds. 
4.3.2 Zoning and broken grains 
Cathodoluminescence shows that many of the large microdiamonds which are 
differentiated from the diamond matrix by their CL response are zoned when viewed 
with CL. Zoning has been observed in Brazilian carbonados B-1, R-F7, and R-E7. It 
is also seen in African carbonado CAR-1. The best examples of these occur in 
carbonado R-F7. As shown in figure 4.16, the large grains in this carbonado show 
complex growth and dissolution or breakage features. These features may occur in the 
other microdiamond-bearing carbonados, but they have not been examined carefully 
enough to verify the presence of zoning, which can be faint and only present in only a 
few grains. 
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Figure 4.16: An SEM generated CL image of Brazilian carbonado R-F7. A scale 
bar is shown. The dark, irregular feature on the right of the picture is a pore which 
filled with epoxy when this carbonado was glued to the polishing dob. The round 
feature in the middle of this pore is an air bubble in the epoxy. This image shows 
that the large grain to the left of the picture has multiple growth centers, which have 
grown together to form this grain. Other grains show multiple layers of zoning, and 
many of these grains are broken. One of these broken grains has its edge 
truncated by the pore. Other grains, such as the elliptical grain to the left of the 
pore, have no internal CL features and no recognizable crystal form. 
Broken zoned grains have also been observed in Brazilian carbonado B-1, and 
an example is shown in figure 4.17. More complex zoning patterns are found in 
carbonado R-F7, shown in figure 4.18. These features suggest a complex history of 
growth and dissolution and/or breakage and deformation in the diamonds that 
comprise this carbonado. 
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It is not known what physical changes in the diamond structure are responsible 
for the observed CL zoning. Probable causes are increased dislocation and/or vacancy 
density, variations in nitrogen content, or a change in the nitrogen aggregation state. 
However, a CL-quenching effect may also be responsible for darker zones in zoned 
grains. 
Figure 4.17: An SEM generated image of Brazilian carbonado B-1. This is a close-
up of the bright grain shown in figure 4.13. It shows zoning that is truncated by the 
grain boundary, suggesting that breakage or dissolution removed or destroyed part 
of this grain after it formed. 
4.3.3 Cathodoluminescence color changes in cores of microdiamonds 
In an attempt to constrain the cause and nature of the CL changes that result in 
zoning in microdiamonds found in carbonado, sample R-F7, the carbonado with the 
largest and most intricately zoned microdiamonds, was studied in detail. These studies 
showed that in a few of the microdiamonds, the CL response of the cores is not only a 
different intensity than that of the rims, but it is also a different color (figure 4.19). 
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The difference in color between the cores and the rims suggests that the CL 
zoning is not controlled by a quenching or brightening process. Radiation or thermal 
effects are also unlikely to be the cause of these changes, as generating a thermal 
gradient across diamond is difficult, due to its high thermal conductivity, and no 
recognized radiation damage features are present in either of the green cored grains 
shown in figure 4.19. Instead, a change in composition, N aggregation, density of 
dislocations or vacancies are more likely causes of the change in CL. 
Figure 4.18: An SEM generated image of Brazilian carbonado R-F7. At the bottom 
of the field of view are 3 grains showing zoning features that are truncated by the 
grain boundary. In the middle of the field of view is an irregular shaped grain with at 
least two cores. The dark grain in the upper right hand part of the image is even 
more complicated. 
A change in CL color from core to rim is only noted in Brazilian carbonado R-
F7. Because this carbonado has a microstructure significantly different than that of the 
other samples studied, it is not known if observation from this sample can be 
extrapolated to other carbonados. Also, many of the grains in this carbonado do not 
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show colored cores. One example of this is visible in the upper right-hand corner of 
figure 4.19. It is not known if no core is observed because this grain does not contain 
a core, or because the polished surface observed only intersects the exterior portions of 
Figure 4.19: An overexposed luminoscope CL image of Brazilian carbonado R-F7. 
The field of view is approximately 550 µm across. This image shows dark orange 
microdiamonds in a bright yellow (overexposed) matrix. Several bright green 
(overexposed) anhedral grains are also present. The orange grain with a square 
cross section, located just below and to the right of the center of this image, has a 
distinctive green core that is triangular in cross section. To the right of this grain, 
another larger grain, located just below the pore, contains several green cores 
embedded in a dark orange grain. Vertical features are grooving caused by the 
polishing process. 
4.3.4 Growth patterns in L-5 
As was mentioned in section 4.2.2.8, carbonado L-5 has a different texture than 
the other carbonados studied. Its CL response is also very different than the rest of the 
samples studied. Figure 4.20 shows the CL patterns of this carbonado. Aside from the 
considerable radiation damage features, which are mostly located along the pores and 
cracks of this carbonado, the main features are bright polygonal areas separated by 
dark dendritic areas. These are related to the growth of the diamond, and are similar 
to features found in fibrous cuboid diamonds that have been reported from Siberian 
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and Congolese kimberlites (Wilks and Wilks, 1991). The similarity of these features to 
known kimberlitic diamonds, and the lack of similarity to other carbonados, suggests 
that this may be a mantle diamond that has been classified as carbonado. Several other 
instances of misclassification are known, and they are generally identified by their 
heavy (-4 to -9 %0) carbon isotopic composition (Kamioka et al., 1996; Shelkov et al., 
1997). 
Figure 4.20: An SEM generated CL image for Brazilian carbonado L-5. This 
carbonado is unique in that it has crystals that are greater than 1 mm across, and 
they exhibit primary growth patterns similar to those in fibrous diamond cubes found 
in kimberlite pipes. The vertical linear features are pulse-laser lines from the cutting 
procedure, as this carbonado is incompletely polished. The round dark features 
surrounded by bright haloes are radiation damage features, as are the haloes 
around the cracks in the upper left area of the image. A close-up of this area can 
be seen in figure 2.15, which explains the CL features associated with radiation 
damage that are present in this sample. The patterning most visible in the central 
and bottom right parts of this image are growth textures, reminiscent of those seen 
in fibrous diamond (Wilks and Wilks, 1991 ). These features are blue in CL, similar 
to the CL seen in most kimberlitic diamonds that are unaffected by radiation 
damage. These patterns are the only CL features observed in carbonado where the 
dominant CL response is from a defect that is not associated with radiation damage. 
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4.4 Raman, photoluminescence, and Fourier transform infrared 
(FTIR) spectroscopy 
The images presented in sections 4.2 and 4.3 provide a good illustration 
of the range of crystal size, shape, and internal zoning features of carbonado. 
However, the origin of these features is open to many interpretations. In order to 
interpret the orign of the observed microstructures, Raman, photoluminescence, and 
FI'IR spectroscopy were used to constrain the geologic history and crystal lattice 
damage of the diamond crystals that constitute carbonado. 
Raman spectroscopy can give a measure of the internal stress in the diamond 
lattice. This is because elastic compression or tension of the carbon-carbon bonds can 
be detected using this technique. 
Photoluminescence spectroscopy can also be useful, because this technique 
allows defects to be identified, and certain defects are known to be associated with 
certain processes, such as radiation damage, deformation, growth in a metallic catalyst, 
or sintering (Collins, 1983; Collins, 1993; Collins and Robertson, 1985; Hanley et al., 
1977; Lawson et al., 1996). The presence of any bands characteristic of these 
processes will help determine the conditions that carbonado has experienced, and such 
constraints are necessary to correctly interpret carbonado microstructure. 
FI'IR spectroscopy can also be a powerful tool for determining the geologic 
history of carbonado. If a diamond contains nitrogen, FI'IR will reveal the nitrogen 
aggregation state, and this can be used to discern the thermal and deformational history 
of the diamond (Chrenko et al., 1977; Taylor et al., 1996). For example, a diamond 
that contains significant amounts of single substitutional (lb) nitrogen is unlikely to 
have undergone significant plastic deformation, as such deformation would allow the 
nitrogen to aggregate. 
4.4.1 Raman peak position vs. width 
Raman spectroscopy can be used to measure the average vibrational frequency 
of all the carbon-carbon bonds in diamond, as the high symmetry of the diamond 
structure results in all bonds having the same Raman vibrational energy. Pressure or 
deformation induced changes in the bond length change the characteristic vibrational 
frequency of the bonds, resulting in a shift in the peak position. Similarly, the 
uniformity of bond frequency in the area being analyzed will be reflected in the width 
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of the peak, with a diamond containing uniform bond frequencies giving a narrow 
Raman band, while a diamond with widely varying bond lengths will have a wider peak 
(Knight and White, 1989; Miyamoto et al., 1993). These principles were used in 
chapter 2 to show that the bond lengths in carbonado close to the pores were more 
variable than those far from these pores, an observation consistent with radiation 
damage from a source contained in those pores. Raman spectroscopy can also be used 
on parts of diamond that are distant from pores to determine the degree of variation in 
Raman peak position and width. These measurements can then be compared with 
Raman measurements of diamonds from a number of different natural and synthetic 
sources, many of which have been previously measured and reported in the literature. 
4.4.1.1 Review of previous Raman position and width studies 
Raman measurements of natural diamonds are not often reported in the 
geologic literature. However, this technique is commonly used by materials scientists 
on synthetic diamonds, particularly those grown using CVD, because it is useful in 
detecting very small amounts of non-diamond carbon species, which generally have 
more intense Raman responses than diamond (Spear, 1989). The Raman spectra of 
some natural diamonds have also been reported and compared to the synthetic 
samples. These previous results are shown in figure 4.21. 
Knight and White (1989) measured the Raman spectra of many different forms 
of carbon, including several different diamonds. They do not report variations in 
Raman peak position, but show peak widths for synthetic CVD and High Pressure (GE 
belt apparatus produced) diamond, as well as natural (monocrystalline) diamond and 
carbonado. The GE diamond and the natural diamond had the narrowest peak widths, 
of 2 cm·1 or less, while the CVD diamonds were the widest, with peak widths from 
between 5 and 7.4 cm·1• Carbonado was listed as having a peak width of 2. 7 cm·1, but 
no geologic or descriptive information was given about the carbonado measured. 
Miyamoto et al. (1993) did not measure the Raman spectra of carbonado, but 
they measured the Raman spectra of a number of other diamonds, specifically shock-
produced, CVD, and meteoritic diamonds, as well as diamond synthesized by General 
Electric under static high pressure. Their results suggest that significant variations in 
peak position and peak width can occur in diamonds formed by different processes. 
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Figure 4.21: Raman peak width and position for various diamonds. Both axes are 
in units of cm·1• The reference from which the data come is denoted by letter: K is 
Kinght and White (1989), and M is Miyamoto et al. (1993). T is data from this 
thesis. See figure 4.22 for a detailed presentation of these data. For the CVD data 
from Miyamoto et al. (1993), the field for all CVD represents CVD data from all 
growth conditions reported. Good CVD is data from those conditions (49.5 torr H2, 
0.5 Torr CH4, <700 °C) which resulted in the growth of diamond with the least 
variable Raman spectra of all the growth conditions reported. Knight and White 
(1989) only reported Raman peak width; their measurements are centered on the 
ideal peak position of 1332.5 cm·1• If the shock-synthesized diamond was a fine 
powder, it is possible that the low values for the Raman peak are partially a result of 
heating from the laser used to generate the Raman (Zhao et al. , 1998). GE is a 
synthetic diamond manufactured in a belt apparatus by General Electric. 
For example, the natural (monocrystalline) kimberlitic Brazilian diamonds had 
a peak width (at half height) of2-3.5 cm·1, while the GE synthetic diamond had a width 
of between 2 and 4 cm·1• For both of those diamonds the variation in peak position 
was less than 1 cm1 (see figure 4.21). In contrast, diamonds from Ureilite meteorites 
had peak widths of between 3 and 16 cm·1, and positions that varied by as much as 6 
cm·1• Shock-produced diamonds were even more variable, with widths in some cases 
greater than 100 cm·1, and positions that varied by more than 17 cm·1 (figure 4.21). 
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CVD diamonds were generally intermediate between impact and ureilite diamonds, 
depending on the temperature and gas pressures and composition during formation. In 
general, the widths were significantly wider than those reported by Knight and White 
(1989), with the least variable having widths as great as 11 cm·1• The positions of the 
Raman peak in CVD diamond was also dependent on growth conditions, with 
variations in peak position as low as 2 cm\ or as high as 7 cm·1 (figure 4.21). In fact, 
the lower average of peak width reported by Knight and White (1989) my be due to 
the lower CH4 partial pressures they used, as lower CH4 pressure has been related to 
higher diamond quality (Spear, 1989). Miyamoto et al. (1993) compared the Raman 
bands of ureilite diamonds to those of CVD and shock produced diamonds, and 
concluded that ureilite diamonds are more likely to have formed from CVD than from 
impact. 
By comparing the Raman peak widths and positions of carbonado to those of 
impact-generated and meteoritic diamond, it may be possible to evaluate the 
plausibility of these theories for carbonado formation. This, in turn, may constrain the 
interpretation of carbonado microstructure, as TEM studies have suggested that 
dislocations in carbonado diamond bear some resemblance to those found in impact 
diamonds (De et al., 1998). In addition, the Raman spectra of the microdiamonds 
found in some carbonados can be compared with the Raman spectra of the matrix 
diamonds, to determine whether or not they have different amounts of internal strain. 
4.4.1.2 Raman peak position vs. width in carbonado monocrystals and matrix 
The intense photoluminescence of most carbonados makes measuring the 
Raman spectra difficult (see section 2.2.3.3 of this thesis and Kagi et al. (1994) for 
details). To overcome these difficulties, carbonado B-1 was selected for a detailed 
study of the Raman spectroscopy of carbonado. There were three reasons for this. 
First, it had relatively weak PL, which allowed the Raman band to be detected and 
measured. Second, many areas of this carbonado appear to be relatively pore free and 
far away from radiation damage haloes. These haloes widen the Raman band, as was 
demonstrated in section 2.2.3.3 of this thesis. Third, carbonado B-1 has a variety of 
euhedral and anhedral micrograins, which can be compared to the matrix. A CL image 
of the area studied is shown in figure 4.23. The methods are described in appendix 
A.4.2. 
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Figure 4.22: Position vs. width of Raman measurements of Brazilian carbonado B-
1. Error bars indicate instrumental error. These measurements show that although 
the carbonado matrix generally had a slightly broader Raman band than the 
euhedral monocrystals, most of the Raman measurements for carbonado diamond 
were similar. A synthetic GE diamond synthesized at static high pressure using a 
belt apparatus was also measured as a standard. The carbonado had a wider peak 
than the standard, and a wider range of peak position. However, half of this range 
is due to just one grain. Both the Raman peak position and the Raman peak width 
are significantly lower than those of meteoritic, CVD, or shock produced diamonds 
(Miyamoto et al., 1993). These ranges are shown in figure 4.21. All data presented 
in this figure ahe corrected for machine miscalibration so that the standard lies at 
1332.5 cm-1• 
The results of this Raman study are shown in table 4.1, and figure 4.22. As is 
demonstrated in figure 4.22 and figure 4.21, these results generally agree with those of 
Knight and White (1989); although both the carbonado and the standard are slightly 
narrower, the carbonado average is within instrumental error of 2.7 cm-1 the value 
reported by Knight and White (1989). Carbonado has much less Raman variability 
than CVD, meteoritic, or shock-produced diamond. 
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Figure 4.23: Location of Raman measurements of crystals in Brazilian carbonado 
B-1. The image is an SEM generated CL image- the curve in the upper left of the 
image is the edge of a laser ablation pit. A scale bar is shown. The grain names 
used in figure 4.22 and table 4.1 are shown. 
4.4.2 Monocrystal orientation determination using Raman polarization 
The optical and CL images of the monocrystals, which are found in one third of 
the carbonados studied, provide microstructural data. However, the two dimensional 
polished surface makes determining the true three dimensional shape of these 
monocrystals difficult. Is probably safe to assume that those monocrystals with 
irregular cross sections are anhedral diamond crystals, or possibly even polycrystalline 
aggregates themselves, like the polycrystalline grain shown in figure 4.23. However, 
determining the shape of the euhedral diamonds is more difficult. This is because 
planar sections of geometrically simple crystal shapes can produce a number of 
different 2-dimentional cross sections, and different shapes can have the same cross 
section, depending on their orientation. 
Table 4.1 Raman data from different grains in sample B-1. Peak Position is the 
position of the first order Raman peak. Peak width is the width of that peak, in cm·1, 
at half height. Rms error is root mean square error between the raw data and the 
closest fitting curve. Peak/fluorescence + peak is a measure of the relative 
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strengths of the photoluminescence and the Raman peak. Curves are a 
combination of Lorenzian and Gaussian; a theoretical Raman peak is perfectly 
Lorenzian. Instrumental error is 0.2 cm·1• The deviation of the GE standard from 
the value reported in the literature is due to miscalibration of the Raman 
spectrometer- for the purposes of analysis all of the position data• increased by 
two cm·1 to give the GE standard the literature value for diamonds synthesized in 
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sample area peak Peak RMS intensity intensity peak/ fraction fraction 
position width error plus fluor- RMS error Lorenz-
of fit fluor- escence + ian 
escence peak 
North dark near #2 1330.96 2.57 18.6 795 1214 0.65 0.023 0.39 
GE standard #3 1330.50 1.34 6.8 702 1 0.0098 1 
GE standard #3 1330.49 1.37 4.2 465 0.0092 1 
GE standard #4 1330.47 1.58 11.3 1141 1266 0.90 0.0099 0.96 
GE standard #4 1330.47 1.60 9.6 832 916 0.91 0.012 0.93 
For example, a square cross section can be produced by both cubes and 
octahedrons, as is shown in figure 4.24. Because these two morphologies suggest 
different growth environments (Sunagawa, 1984), it is desirable to distinguish between 
them. Other morphologies can also produce square cross sections, but because the 
microdiamonds have been previously reported as cubes or octahedra (Trueb and de 
Wys, 1971), the more complex forms will be disregarded. 
b 
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Figure 4.24: Square cross sections of cubes and an octahedron. a. Three planar 
cross sections through two cubes and an octahedron which produce a square cross 
section. Thus, if all of these shapes were cut along the blue plane, the faces 
produced would be square. The simplest example is the cube on the left with the 
{100} axis parallel to the plane. Cutting this cube results in a square. In the center, 
the cube has been rotated about the Y axis. In this orientation, the intersection with 
the plane is still a square, although moving the cube up and down (along the Z axis) 
relative to the plane will change the cross section to a rectangle. A combination of 
rotating this cube about the Y axis and moving it in the Z axis allows either square 
or rectangular cross sections to be obtained for any angle of rotation around the Y 
axis, not just the 45 degrees shown here. Like a cube, an octahedron also has a 
square cross section if sectioned parallel to the {100} axis. However, rotating this 
shape around any axis other than the Z axis will result in a cross sectional shape 
C. W. Magee, Jr. Carbonado microstructure 120 
that does not have right angles. The cross sectional squares produced by 
sectioning these three solids are shown in part 'b' of the figure. As is illustrated, the 
square cross sections produced by sectioning these three figures have different 
orientations of their crystallographic axes relative to the square cross sections. 
One way to determine the shape of the crystals is to observe the range of 
euhedral cross sections. Cubes will have triangular, rectangular, or occasionally 
hexagonal cross sections, while octahedra will have square, hexagonal, trapezoidal, or 
irregular quadrilateral cross sections. The most common euhedral microdiamonds 
found in carbonado have square, rectangular, or triangular cross sections, suggesting 
cubes. 
Examining the grain boundaries is also useful. This is because truly cubic 
diamonds are rare. Most natural cube-shaped diamonds are actually cuboid with 
irregular pseudo-faces, instead of smooth, crystallographic faces (Sunagawa, 1984; 
Wilks and Wilks, 1991). Examination of high-magnification CL images, such as the 
one in figure 4.23, shows that the outlines of the square-shaped diamond monocrystals 
have slightly irregular edges. This is suggestive of cuboid habit. 
The best way to determine the shape of a crystal with a square cross section is 
to measure the crystallographic orientation. As figure 4.24.b shows, the square cross 
sections of octahedral and cubic diamonds of different orientations lie in different 
crystallographic planes. Thus, determining the crystallographic orientation of the 
diamond that presents a square cross section will reveal the shape of that diamond. 
This can be done using Raman spectroscopy. 
When illuminated with polarized light, the Raman response of diamond is 
repolarized depending on the crystallographic orientation. The geometry of this effect 
has been calculated and observed (Solin and Ramdas, 1970), so that by examining the 
depolarization effect of a Raman band induced by polarized light, the crystallographic 
orientation of diamond grains can be determined. 
The orientation of three grains with rectangular cross sections in carbonado B-
l was determined at the University of Melbourne, using methods described in appendix 
A.4.2. Carbonado B-1 was used for the reasons described in section 4.4.1. The grains 
analyzed are shown in figure 4.25. In all three cases, the polished carbonado surface 
intersects the three grains approximately along the { 110} axis. This means that these 
grains are cubes, as a { 110} section of an octahedron has a hexagonal cross section. 
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Figure 4.25: Positions of monocrystals measured to determine crystallographic 
orientation. Each grain was measured with crossed and parallel polarizers at 45 
degree angles. Both the orientation of each measurement and the orientation of the 
polished face are shown in this figure. 
As is shown in figure 4.24, the 2 sides of a square cross section of a cube 
produced by sectioning it along the { 110} plane have different crystallographic 
orientations. This made identification using Raman easy, as measurements parallel to 
those two sides produced very different Raman responses (figures 4.26, 4.27, 4.28). 
The measurements from the three grains are shown in figures 4.26, 4.27 and 
4.28. These three square grains are { 110} sections of cubes. In grain 1, the difference 
between the 0° and the 90° spectra shows that the two sides of the diamond have very 
different orientations. The parallel polar extinction exhibited by the 90° spectra 
occurs when the polarization direction is parallel to the {100} plane. When the 
polarization direction is parallel to the { 110} plane, the crossed polars Raman band is 
only twice the size of that observed with parallel polars. The 45° spectra show that the 
parallel polars have a greater response than the crossed polars, which is consistent with 
polarization in the { 111} plane. These measurements show that the {110} plane is 
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parallel to the carbonado surface. Given the square cross section observed in figure 
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Figure 4.26: The polarized Raman spectra for 'Grain 1 ',figure 4.25. These are the 
six Raman spectra for this microdiamond, shown in the bottom right-hand corner of 
figure 4.25. This diamond is part of Brazilian carbonado B-1, and is the "zoned 
grain" used in the Raman position vs. width study (section 4.4.1 ). In the legend, the 
last two letters in each line designation represent the polarization directions; 'h' is 
horizontal, 'v' is vertical. The first letter denotes polarization direction of the exciting 
light, while the second gives the orientation of the polarizer on the analyzer. 
As in grain 1, the difference between the 0° and the 90° spectra in grain 2 
shows that the two sides of the square cross section of this diamond have different 
crystallographic orientations. The parallel polar extinction exhibited by the 90° spectra 
occurs when the polarization direction is parallel to the { 100} plane. When the 
polarization direction is parallel to the { 110} plane, the crossed polars Raman band is 
merely twice the size of that observed with parallel polars. This is exhibited in the 0° 
spectra. The reason for the anomalous high background PL in one of the 45° spectra is 
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unknown, as it was taken in the same spot as the other 45° measurement. Like the 
previous grain, this diamond monocrystal is most likely cuboid, with the { 110} face 
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Figure 4.27: Polarized Raman spectra of 'grain 2', figure 4.25. The notation for 
polarization orientation is the same as in figure 4.26. 
In grain 3, the orientation is close to that of the previous two grains. As in 
grain 1 and grain 2, the difference between the 0° and the 90° spectra shows that the 
two sides of the diamond have different orientations. However, the parallel polar 
extinction exhibited by the 90° spectra of the other two grains is not as complete in 
grain 3, suggesting that the polarizers are not quite parallel to the { 100} plane. Like 
the other two grains studied, this diamond is a cuboid, but the { 110} surface is sub-
parallel, instead of parallel, to the polished carbonado surface. 
The similarity in optical and CL appearance between these grains and other 
grains in samples CAR-1, R-E7, L-9, and CAR-21, along with the other evidence such 
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as the irregular grain boundaries and the dominance of triangular or rectangular cross 
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Figure 4.28: Polarized Raman spectra of 'grain 3', figure 4.25. The notation for 
polarization orientation is the same as in figure 4.26. 
4.4.3 Constraints from photoluminescence 
Many crystal defects that are characteristic of certain diamond growth or 
deformational processes, such as growth from a Ni-Co catalyst, or high pressure 
sintering of microdiamonds, have characteristic photoluminescence patterns (Collins, 
1992; Collins and Robertson, 1985; Lawson et al., 1996). All of the PL features 
observed in carbonado can be attributed to radiation damage (see chapter 2). It is 
interesting that some of the PL features of carbonado are similar to those described for 
sintered diamond (Collins and Robertson, 1985). However, the high residual stress 
associated with sintered diamond is not present in carbonado, as the Raman 
measurements (see section 4.4.1) show that carbonado has extremely low residual 
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stress. Also, carbonado exhibits none of the multiple peaks near the H3 defect, which 
are present in many of the spectra of sintered diamonds (Collins and Robertson, 1985). 
Thus carbonado can be distinguished from sintered diamond aggregates. 
4.4.4 FTIR 
Fourier Transform Infra Red spectroscopy (FTIR) is used to determine the 
aggregation state for nitrogen (see chapter 1 for explanation and references). Because 
nitrogen aggregation is a function of residence time, temperature, and deformation, it 
can be a powerful tool for constraining the thermal and deformational history of 
diamonds. Previous studies of carbonado have shown that N rich large monocrystals 
in carbonado are type IaA diamond (Shelkov et al., 1997). 
An attempt was made to determine the IR spectra of carbonado matrix. The 
methods are described in Appendix A.4.3. The IR spectra of carbonado CAR-2 is 
presented in figure 4.29. Unfortunately, the low N concentration, combined with the 
presence of silicate and phosphate bands from inclusions, does not allow the nitrogen 
aggregation state to be determined. However, the N content must be less than -500 
ppm, as otherwise the nitrogen spectrum would be visible despite the interfering 
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Figure 4.29: FTIR spectra of carbonado CAR-2. This spectra clearly shows the 
intrinsic diamond peaks at 2518, 2158, 2026, ad 1976 cm·1. In addition, there is a 
large, broad water peak at around 2800-3600 cm·1, with several spikes that are 
suggestive of OH in hydrous minerals. The area between 1350 and 950 cm·1, 
where the nitrogen peaks are expected to be found, is instead dominated by silicate 
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and phosphate bands. No nitrogen related peaks are visible among these other 
peaks, which suggests that the N content of this sample is less than 500 ppm. A 
carbonate peak is also visible at 1430 cm·1, and the H-0-H molecular water peak is 
at 1640 cm·1• 
4.5 Interpretation of carbonado microtexture 
This study has described the grain size, grain shapes, and grain size distribution 
of carbonado from the CAR and Brazil. The basic microstructural features of these 
samples are summarized in table 4.2. The use of various spectroscopic techniques has 
also helped characterize carbonado microstructure. What is less clear is the geological 
process that created these features. 
Optical and CL examinations of carbonado show that they are composed of 
grains which have jagged grain boundaries. These grains have a large size distribution, 
and irregular grainshapes. All of these features are suggestive of non-equilibrium 
crystal shapes. These grains also have high dislocation densities (De et al., 1998). One 
third of carbonado specimens also contain euhedral microdiamonds with cuboid habits 
and low dislocation densities (De et al., 1998). Both the euhedral grains and the 
anhedral matrix have a much narrower range of Raman peak positions and widths than 
CVD, shock-produced, or meteoritic diamonds. The narrow range of Raman peak 
positions in carbonado suggests that the vibrational frequencies of the carbon-carbon 
bonds are similar. Assuming that all measurements are made at a constant 
temperature, differences in the Raman position are indicative of bond compression or 
tension, which result from elastic strain. These Raman measurements of Brazilian 
carbonado suggest that the elastic strain on both the anhedral and euhedral diamond 
crystals is similar to that in other mantle diamonds and in synthetic diamonds 
manufactured under static cnditions within the pressure and temperature stability field 
of diamond. 
Many theories of carbonado formation suggest that carbonado formed outside 
of the diamond stability field (De et al., 1998; Haggerty, 1998; Kaminsky, 1987; Smith 
and Dawson, 1985). However, the internal stresses present in diamonds formed 
outside of the diamond stability field are not present in carbonado (see figure 4.21). 
This evidence, along with the previous reports of aggregated nitrogen in type IaA 
monocrystals (Shelkov et al., 1997) strongly suggests that carbonado has a thermal 
history hot enough for nitrogen to aggregate and elastic strain to diffuse out. The 
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kinetics of nitrogen aggregation require long term residence at temperatures of at least 
1000°C for this to occur (Taylor et al., 1996). Such thermal constraints require 
carbonado to have been present in the mantle. 
Table 4.2 A summary of the basic textures and luminescence features of 21 
polished carbonados. Euhedral means the carbonado consists of a mix of euhedral 
diamonds and anhedral matrix. The 'color pattern' refers to whether or not changes 
in CL colors correspond to grain boundaries. 'Radiation patterns' are described in 
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If carbonado has experienced mantle residence, it is reasonable to assume that 
it was formed deep in the Earth at high pressures. Two possible hypotheses of 
C. W. Magee, Jr. Carbonado microstructure 128 
carbonado formation are presented below, along with the arguments for and against 
them. 
4.5.1 Two stage growth hypothesis 
Trueb and de Wys (1971) first suggested that the presence of large, euhedral 
grains in a fine-grained matrix was indicative of a two stage growth process. The first 
stage, in a thermodynamic regime of slow nucleation, would result in the growth of the 
large, euhedral grains. A change in conditions would result in the second stage of 
growth, in which the nucleation rate was considerably higher, resulting in the 
nucleation of the fine-grained matrix. The presence of zoning in Brazilian and CAR 
carbonado (figures 4.16, 4.18, 4.19) suggests that the conditions changed enough to 
cause zoning, at least when the monocrystals were growing. The cubic habit of many 
microdiamonds is also consistent with relatively low temperature growth (Sunagawa, 
1984), where nucleation rates are slower. 
In addition, this could explain the larger crystals found around pores, a feature 
illustrated in figures 4.3 and 4.4. If these pores were originally filled with transition 
metals (see chapter 2 for evidence), then these metals could have a catalytic effect, 
causing larger growth around them. Although no photoluminescence indicative of Ni 
or Co catalyzed growth was observed (see section 4.4.3), the increased radiation 
damage around pores (see chapter 2) would make detecting any non-radiation induced 
PL even more difficult there than in parts of carbonado that were farther from the 
pores. Recent C and N compositional determinations of carbonado have also been 
used to support this hypothesis (De et al., 2001). However, there are several problems 
with two stage growth. 
Firstly, it does not explain the difference in dislocation density between the 
matrix and the monocrystals that was reported by De et al. (1998). Although it has 
been argued that rapid growth may result in a greater dislocation density (De et al., 
2001), because nucleation rate generally increases with temperature, and diffusion is 
faster at higher temperatures, diamonds growing at high temperatures should be able to 
anneal faster that those growing at low T. This hypothesis also does not explain why 
two thirds of carbonado samples do not contain monocrystals. Neither does it explain 
the jagged grain boundaries and high aspect ratios of some anhedral carbonado grains. 
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These grain shapes are much more characteristic of metamorphic rocks that have 
undergone deformation. 
4.5.2 Aggregation and deformation hypothesis 
This leads to the second theory of carbonado formation. This is that a group of 
diamonds was aggregated and plastically deformed in the mantle. The carbonados 
showing completely anhedral textures would be completely deformed, while the 
monocrystals present in a third of the carbonados studied would be examples of 
undeformed diamonds in a deformed matrix. The monocrystals that are cracked and 
broken show evidence of brittle deformation. A deformation hypothesis would also 
explain the lack of elastic strain, which diffuses out of diamond at high pressure and 
temperature (Weidner et al., 1994). 
~ 'if 
Figure 4.30: Comparison of carbonado microtextures. If carbonado is a deformed 
diamond aggregate, then it is possible that the different microtextures are a result of 
different amounts of deformation. Here reflected light images of 4 carbonados are 
shown in what could be order of increasing deformation from left to right. The 
samples are: far left: R-F7; left: B-1; right: R-G1; far right: R-E3. The scale bar is 
200 µm. 
This hypothesis is also compatible with the TEM observation by De et al. 
( 1998) that the anhedral diamond grains have much higher dislocation densities than 
the euhedral monocrystals. It is compatible with the irregular grain boundaries, large 
grainsize distribution, and anhedral texture that is present in all carbonado. This 
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hypothesis also explains why some zoned grains appear to be broken (figures 4.17, 
4.18), as this would be expected in a deforming sample. Variable amounts of strain in 
different samples could be responsible for the different textures found in different 
carbonados, as is shown in figure 4.30. Linear features such as that shown in figure 4.4 
could be interpreted as shear zones. This hypothesis might even explain why the 
matrix polish in some microdiamond-containing carbonados (R-F7 and CAR-1) is so 
bad- if these matrixes are not as interlocked as those in highly deformed samples, then 
they might not hold up to the polishing process as well. 
Deformation and aggregation could also be how carbonados became large 
aggregates. In crustal rocks, ductile deformation generates gneisses, in which the 
constituent minerals are segregated according to their mechanical strength. Since the 
mechanical properties of diamond are different to those of silicates (see table 1.1), it 
would be conceivable for a diamondiferous rock undergoing deformation to have its 
diamonds concentrated by the deformational processes. 
As with the 'two stage growth' hypothesis, there are several problems with this 
'deformed diamond aggregate' hypothesis. Because diamond is mechanically stronger 
than silicates, it is unclear what tectonic processes could cause diamond to deform. 
However, monocrystalline diamonds that have undergone small amounts of ductile 
deformation are reasonably common in kimberlites (Gurney, 1989; Robinson, 1978; 
Bulanova 1995), so ductile deformation of diamond is geologically possible. 
Also unexplained by this hypothesis is why the euhedral grains in carbonado are 
less deformed than the matrix. The difference in strength would make sense if the 
euhedral diamonds were stronger, but it is unusual for a single material to have such a 
range in strength. However, ductile deformation in diamond may be dependent on 
nitrogen concentration (Wild et al., 1967). If the euhedral diamonds have a different 
nitrogen concentration than the matrix diamond, then they might have different 
mechanical properties. This possibility is not contradicted by the observation that 
Shelkov et al. (1997) measured large microdiamonds with -1500 ppm nitrogen, while 
the IR spectrum presented in section 4.4.4 required the anhedral carbonado CAR-2 to 
have less than 500 ppm nitrogen. Curiously, De et al. (2001) observed the opposite 
sense, with qualitative results suggesting that the matrix was richer in N than the 
euhedral monocrystals. 
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Of course, a two stage growth process could also show a change in nitrogen 
availability between growth stages, so a difference in N content between the 
microdiamonds and the matrix will not necessarily prove that the carbonado is a 
deformed aggregate. However, if the diamonds dispersed throughout a rock were 
aggregated during deformation, it is possible that they could have different carbon 
isotopic compositions from each other. An attempt was made to measure the 
differences in carbon isotopic composition of different grains in several different 
carbonados, and it is reported in chapter 5: "Determination of carbon isotopic 
composition of diamond using the SHRIMP II ion probe". 
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Chapter 5: Determination of carbon isotopic composition of 
diamond using the SHRIMP II ion probe 
{Teaching an old SHRIMP new tricks) 
5.1 Introduction 
5. 1. 1 Carbon isotopic composition of carbonado 
One of the most distinctive features of carbonado is its C isotopic composition. 
Orlov (1973) reported a compilation of soviet measurements of the C isotopic 
composition of carbonado (e.g. Vinogradov et al. 1966), and showed that carbonado 
generally has a bulk i BBC between -25 and -30%0. More recent results (De et al., 
2001; Galimov et al., 1985; Shelkov et al., 1997) confirm these findings, which are 
summarized in chapter 1. A sample of carbon and nitrogen isotopic compositions in 
carbonado is shown in figure 1. 7. These studies show that the bulk composition of 
carbonado generally lies between -24 and -29%0 PDB. This is very different from 
standard kimberlitic diamonds, and similar to the composition of biological material 
derived from C3 photosynthesis (Faure, 1986). 
The isotopic composition of kimberlitic diamonds is related to the xenolithic 
material from which the diamonds are derived (van Heerden et al., 1995). As 
explained in chapter 1, because individual kimberlite pipes sample many different rock 
types, the diamonds therein are generally classified by the mineral assemblage of their 
silicate inclusions, or more rarely, by the type of xenolith in which they are hosted. 
For diamonds from typical depleted harzburgite mantle, the BBC tends to be in the 
range of -4 to -8 %0 (van Heerden et al., 1995). For diamonds associated with eclogite 
the average is slightly lower, but the spread is much greater, so that diamonds as high 
as +2 and as low as -32%0 have been found. The vast majority of eclogitic diamonds 
lie in a bimodal distribution with a main peak between -3%o and -8%0, and a smaller 
peak -13%0 and -20%0 (van Heerden et al., 1995). 
Diamonds with lherzolitic and websteritic inclusions are also known, but they 
are much less common. The lherzolitic diamonds from southern Africa plot between 
-2%o and -8%0, while the websteritic diamonds are scattered between -6%0 and 
-21%0 (van Heerden et al., 1995). 
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Non-kimberlitic diamonds have isotopic compositions that are different from 
those of typical mantle diamonds. Metamorphic diamonds from the Kokchetav massif 
in Kazakhstan have a 813C between -11 and -16%0 (Decorte, 2000). Impact diamonds 
have similar 813C compositions, typically ranging from -8%0 to -20%0, the values of 
yakutites (Shelkov et al., 1997) and Popigai diamonds (Koeberl et al., 1997). 
Although the bulk C isotopic composition of carbonado, as determined from 
combustion of fragments 0.08 mg and larger, has been known since 1966 (Vinogradov 
et al., 1966), the internal variation, and how this related to carbonado texture, has not 
been determined. This chapter explains a method developed to measure the carbon 
isotopic composition of carbonado (or any other diamond) less than 50 µm2 across, 
using the SHRIMP II ion probe. It then explains some of the results obtained and how 
they constrain the formation of carbonado. 
5.1.2 Review of carbon isotope mass spectrometry and SHRIMP 
SHRIMP is a Sensitive High Resolution Ion Microprobe. It was originally 
developed to measure Pb, Th, and U in zircon and other minerals for geochronology 
(Compston et al. 1982). Because measuring Pb isotopic compositions accurately 
requires separating Pb ions from Zr20, Hf02, and other molecular species of similar 
mass, SHRIMP was designed to be able to separate the isobaric interferences from the 
ions of interest. This is made possible by its large geometry. The combination of this 
and other features designed to increase sensitivity result in a very large, double 
focusing mass spectrometer. A schematic diagram of SHRIMP II is shown in figure 
5.1. 
In order to analyze carbon isotopes on any mass spectrometer, there are four 
requirements: 
1: Ions containing carbon must be produced. 
2: These ions must be transmitted in a predictable manner from the source to the 
detector. 
3: 12C and 13C ions must be separated from each other and any other ions before 
reaching the detector. 
4: The ions must be detected, and the ratio in which they are detected must somehow 
be related to the actual ratio of isotopes in the source material. 
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Figure 5.1: A schematic diagram of the SHRIMP II ion probe. Modified from 
Williams (1998). 
Carbon isotopic determinations are traditionally done by ionizing C02 gas to 
produce C02+ ions, which are then measured in a multicollector mass spectrometer. 
Ions of mass 44, 45, and 46 are measured. Mass 44 is 12C160 2+, mass 46 consists of 
12C160 180+ and 12C170 170+while mass 45 is a mixture of 13C1602+ and 12C160 170+. The 
44/46 ratio is used to calculate the 180/160 ratio, and the terrestrial fractionation line is 
used to determine the 170/160 ratio from the 180/160 ratio. Once this is done, the 170 
component of the mass 45 signal can be subtracted, leaving the 13C. Careful 
standardization done using identical dual gas inlets calibrates the measured 12C/13C 
ratio to that of the original starting material. These are then usually expressed in terms 
of difference from an accepted common standard, usually Peedee Belemnite (PDB), a 
Mesozoic carbonate fossil. The accepted 13C /12C ratio of PDB is 0.0112372 (Craig, 
1957). Although the majority of carbon isotopic measurements are done using dual 
inlet mass spectrometry, any machine that can produce, transport, separate, and 
measure carbon-containing ions should be able to measure carbon isotopic 
composition. The next section describes how this is done on SHRIMP. 
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5.1 .2.1 SHRIMP carbon ion production 
In Secondary Ion Mass Spectrometry, a primary ion beam bombards the 
sample. This bombardment produces secondary ions by the sputtering process, which 
are then analyzed. For carbon isotopic measurements of diamond, this sputtering must 
produce secondary ions containing carbon. In the case of SHRIMP II, the primary 
beam used can be either 0 2- or O-. Because the optimum SIMS configuration is to 
measure secondary ions with a charge opposite of that of the primary beam (Ireland, 
1995), the species of ions to be measured should be positively charged. Unfortunately, 
the ionization efficiency of C+ in an oxygen beam is generally two or more orders of 
magnitude lower than that of C- under a positive Cs+ beam (Wilson et al., 1989). At 
the time of this experiment, SHRIMP II was not equipped with a Cs+ primary ion 
source. However, the high sensitivity of the SHRIMP increases transmission of c+ 
ions enough to compensate for the lower ionization efficiencies. For a given 
duoplasmatron source setting, 0£ and o- ions gave approximately equal C+ ion signals, 
but the 0£ gave almost twice the c+ ion signal per nanoamp, as the o- primary beam 
current is about twice the 0£ beam current at any given primary beam setting. 
Because 0£ is the standard ion used for most other SHRIMP applications, and because 
the beam current of 0£ is lower for any given source setting, thus reducing the chance 
of charging, 0 2- was used as the primary ion species. 
The secondary species measured were 12c+ and 13C +. These ions were an order 
of magnitude more abundant than CO+, and there was only one interference with the 
c+ measurements, as opposed to several with CO+. C02+, CH+, and CN+ ions were 
also observed, but their production was also less than that of C+. In addition, CN+ was 
thought to be dependent on concentration of nitrogen in the diamond lattice. Because 
CH+ production was about 4 orders of magnitudes less than that of C+, it was not used 
for analysis, but because of potential for interference between 13C+ and 12C1H+, its 
presence was noted. 
The relative abundances of C-bearing secondary ion species applies only to 
diamond. Although minimal work was done with other carbon-bearing materials, it 
appears that the speciation of positive carbon-bearing ions is matrix dependent. 
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Several analyses were performed on the epoxy resin used to mount the samples 
(see "sample preparation" section, Appendix A.5). Although no quantitative data W!te 
obtained from these experiments, the CH+ production from this hydrocarbon target 
was 3 orders of magnitude higher than from diamond, where hydrogen is present in 
ppm concentrations or less. The result was that the epoxy 12C1H peak was an order of 
magnitude higher than the 13C peak, and the proximity of these two peaks caused the 
SHRIMP autocenter routine to occasionally switch to the 12C1H peak during the 
analysis. This complicated the ability to make precise and accurate measurements of 
the carbon isotopic composition of epoxy. 
A very brief attempt to investigate calcium carbonate was made. However, no 
c+ peak was detected. No attempt was made to determine why this peak wasn't 
detectable, or to look for alternate positive C species that might have been produced 
instead. 
5.1 .2.2 Ion transmission 
In order for isotopic ratios to be measured, the ions produced must be 
transmitted from the source to the detector. If this transmission results in variable 
beam truncation or fractionation which cannot be corrected or accounted for using 
standardization, the extent of this variation will limit both the precision and the 
accuracy of the measurement. Unusual source or transmission differences between C 
isotopes, or machine-induced fractionation, was noticed in SHRIMP and is discussed 
in section 5.2.3. 
5.1.2.3 Resolution 
In order to be counted, the target ions must be separated from each other and 
any interfering molecular species. The only interference observed was between 13C 
and 12C1H. In order to separate these two peaks, the beam width must be less than the 
distance between these peaks. For a perfectly rectangular peak, the beam width is 
equal to the mass resolution, which is specified by equation 5 .1: 
5.1) R=M/LlMh 
Where R is the resolution, M is the mass of interest, and LlMb is the base width. 
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For 13C and 12C1H, this equals 13.007825/(13.007825-13.003355), or 2909. 
SHRIMP was designed to operate with a mass resolution of approximately 
10,000 (Williams, 1998), so 2950 was the lowest possible resolution that could be 
achieved on SHRIMP II. Therefore, the 13C and 12C1H peaks were resolved to the 
1 % level in all machine configurations (figure 5.2). 
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Figure 5.2: Mass scan of the mass 13 peak of the GE standard diamond, showing 
13C and 12C1H resolved to the 1 % level of the 13C peak. 
5.1 .2.4 Detection 
In order for an ionic ratio to be determined, the ion beams must be produced 
and separated by the mass spectrometer before being counted. This can either be done 
simultaneously, with multiple collectors, or by alternating the magnet strength to 
switch different peaks into a single collector. Depending on what the beam current is, 
either Faraday cups or electron multipliers can be used. All SIMS work on carbon 
isotopes has been done by peak switching into a single electron multiplier. 
The details of ion counting are beyond the scope of this thesis. However, 
electron multiplier gain will be addressed briefly because it was the main cause of 
machine induced fractionation reported in previous SIMS work on carbon isotopes in 
diamond (Harte et al., 1999). 
Changing multiplier voltage can cause large changes in observed beam ratios of 
carbon measured by SIMS (Harte et al., 1999). Low voltages can result in ion arrivals 
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not being detected, and this can exacerbate counting sensitivity to different isotopes 
(R. W. Hinton, pers comm, as reported in Williams (1998)). Similarly, a high voltage 
can cause over-counting due to simultaneous discharge and double pulsing (Williams, 
1998). The most appropriate voltage is that where the change in voltage minimizes the 
change in count rate. Unfortunately, as the detector ages, this optimal voltage 
changes. Due to the -100 times difference in abundance of 12C and 13C, an ion 
production rate large enough to generate enough counts of 13C to get per mil-level 
precision means that a huge 12C beam will be produced. This can be taxing on the 
multiplier. Harte et al. (1999) show that C isotope SIMS work creates apparent time-
dependent fractionation that they attribute to detector aging, and SHRIMP users at 
RSES have noted that carbon isotopic work prematurely ages the electron multiplier 
(numerous personal communications). A gradual change in the measured isotopic 
ratio of the standard has been noticed in overnight SHRIMP runs where all other 
fractionation has been minimized, but corrections were easily made using 
standardization. Checking the multiplier to see that it is at the optimal level before 
starting analyses has also reduced this effect. 
The other detector effect that should be briefly addressed is dead time. This is 
the time after a ion detection during which the system is incapable of registering any 
more ion counts. No dead time determination for C isotopes has been made, because 
the low abundance ( -1 % ) of 13C makes such determinations difficult. Instead a 
default dead time of 25 ns was used for carbon isotopic work, but because difference 
in the 12C count rate between samples and standards varied by less than a 10%, an 
incorrect dead time correction probably isn't a significant source of error. 
5.1.3 Previous SIMS work on carbon isotopes in diamond 
Harte et al. (1999) report SIMS 813C measurements on single "gem quality" 
diamond crystals from Kaapvaal kimberlites. Their work, done with a Cameca 4f 
SIMS machine, used a Cs+ primary beam to produce C- ions. Table 5.1 shows some of 
the technical specifications for Cameca and SHRIMP isotopic measurements. 
Harte et al. (1999) show that intense CL zoning corresponds to changes in N 
content. However, the C isotopic ratios for these diamonds are fairly constant. Using 
previously calculated diffusion rates for diamond, they suggest that while aggregated N 
is relatively immobile, C diffuses rapidly enough for C isotopes to homogenize during 
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the mantle residence of the diamond. The residence time and temperature is 
determined from the nitrogen aggregation state. The CAMECA carbon isotopic 
measurements had an error of ±0.6-0.8%0, and the space analyzed was 5-8 µm in 
diameter. The results show that analyzing C isotopes in diamond by SIMS is feasible, 
and can provide geologically meaningful data. 
Table 5.1: Comparison of SHRIMP and Cameca SIMS technical parameters for 
analysis of carbon isotopes in diamond. Cameca data are from Harte et al. (1999). 
SHRIMP data are from this stud , Williams 1998, and Ireland 1995 
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5.2 Carbon isotopic analysis of diamond using SHRIMP 
5.2. 1 Setup and operating conditions 
Because SHRIMP is usually used to measure relatively massive ions containing 
U, Th, and Pb, some of the standard operating conditions need to be changed in order 
to measure C, as its mass is more than 20 times smaller than some of the species used 
in geochronology. The most important of these is magnet calibration. 
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5.2.1.1 Magnet calibration 
For typical zircon analysis, electromagnet current is calibrated relative to 
atomic mass using the species Zr20 and UO. This calibration does not work for light 
isotopes. If it is used, then the 12C peak will be found at what the calibration curve 
calculates is mass 13.6. Therefore, the magnet must be recalibrated. The most 
satisfactory calibration used the 12C peak for the low mass and the 13C peak for the 
high mass. The 12C magnet field strength was generally around 486.9 Gauss. 
Interestingly, the calibration equation seems to work badly for low mass numbers, so 
that the calibration using 12C and 13C shows 14N to be a few millimass units too light, 
and a calibration using 12C and 12C160 estimated all the intermediate peaks to be 
significantly heavier than their actual masses. This is why the measured masses were 
eventually chosen to calibrate the magnet against. Because 14N was not measured 
quantitatively, and was removed from the fmal run table, the errors in the calibration 
equation were not explored rigorously. 
One other noticeable effect is that when the magnet field strength is dropped 
from a setting for the heavy masses to the carbon settings, changes in the fringing field 
tend to interfere with the computer and video monitors in the room. This problem was 
easily fixed by power-cycling these devices, which automatically degausses them. The 
magnet was generally reset 10-30 minutes before the first analysis, and cycled at least 5 
times before measuring the first standard, in order to let it stabilize at the lower field 
settings. 
5.2.1 .2 Slit apertures 
Although SHRIMP is designed to operate at high resolution, a resolution of 
only 2909 is required for carbon isotopic work. Because various types of beam 
truncation were found to fractionate carbon isotopes, and because high mass resolution 
was not required, this method of C isotopic measurement tried to reduce all potential 
sources of fractionation by truncating the secondary beam as little as possible. For this 
reason, no energy filtering was used, and the source, collector, and BSA entrance slits 
were all adjusted to cause minimal beam truncation. The source slit was opened from 
its standard setting of 13.5 (85 µm) to 18 (200 µm). When adjusted, the BSA entrance 
slits (front and back) were both adjusted by opening them 2 full turns, which should be 
enough to completely remove them from the path of the beam. Both slits were always 
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opened the same amount, but the effect opening these had on machine-induced 
fractionation was much less severe than that of adjusting the source or collector slits. 
The collector slit was opened to 200 µm. Once all slits were opened and the 
magnet was recalibrated and stabilized, the collector distance was adjusted to give the 
most flat-topped peaks. The most successful collector positions are shown in table 
5 .2. The same primary beam settings used for zircon analyses were used for carbon 
isotopes, although a high-primary current setting was generally used. A spot of 
approximately 30 microns was usually used to maximize count rate. This was the 
largest spot that could be used to target the 40-50 micron diamond crystals in 
carbonado. In the final configuration, used for the July and August analytical sessions, 
the 12C ion yield was 11.7 counts/minute/nA/ppm. 13C was 10.3 
counts/minute/nA/ppm. Although N was not measured in the final configuration, 
earlier measurements show that it is ionized approximately 4 times more efficiently 
than C, so that the ion yield for 14N would have been in the range of 45 
counts/minute/nA/ppm. 
Table 5.2: A sample run table from a SHRIMP carbon isotopic analytical session. C 
pos is the collector position, and Auto C is peak autocentering (ALW= always). 
# Species AMU t1AMU Time/s Delay/s C Pos Reference Auto C 
0 12 C 12.00038 0.0005 2 4 190 REF ALW 
1 13 C 13.00282 0.0008 15 1 180 ALW 
2 Back 14.03348 0.0008 2 1 180 BAC No 
5.2.2 Standardization 
Two standards were used for SHRIMP carbon isotopic determinations. The 
first was a synthetic diamond manufactured by General Electric, which was provided 
by Dr. Wayne Taylor. The second was a section of natural diamond provided by Dr. 
Judith Milledge of University College London (UCL). The C isotopic ratio of the 
UCL diamond is -4.8%0 PDB. 
Traditional dual inlet carbon dioxide mass spectrometry was performed on 
combusted portions of the GE diamond, using the Micromass Prism dual inlet mass 
spectrometer at RSES. The gas derived from combustion had a 013C of -20.1%0. 
Although the diamond was only partially consumed in the combustion process, no 
carbon fractionation can have occurred, because the combustion temperature of 850 
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°C was too low for carbon or nitrogen diffusion to occur in the diamond over the 8 
hour combustion period (Harte et al., 1999; Taylor et al., 1996). 
5.2.3 Analytical standardization and reproducibility. 
Making the adjustments to the standard SHRIMP settings described above is 
necessary, but not sufficient, to perform precise measurements of C isotopic ratios in 
diamond. This is because the fractionation of carbon ions in the secondary beam is 
sensitive to surface effects of the target and beam path through the mass spectrometer. 
Unless minimized through careful sample preparation and uniform analytical 
procedures, variation in machine fractionation of more than 10%0 can occur. This is 
unacceptably large for most geological applications of carbon isotopic data. 
5.2.3.1 Surface effects 
The production and fractionation of secondary ions is greatly dependent on 
target geometry (1. Williams, pers. comm.). Although the standard SHRIMP sample 
preparation techniques eliminate much of the variability in surface geometry, these 
techniques cannot be used for diamond, because its extreme hardness prevents it from 
being easily polished. As a result, alternative sample preparation techniques must be 
used. If sample preparation is done improperly, the target diamonds can end up at an 
angle to the mount surface, which makes precise analysis of them impossible. The 
most successful technique for mounting diamonds is described in Appendix A.5. 
5.2.3.2 Time dependent fractionation drift 
Even in a properly polished and mounted sample, machine fractionation will 
change with time. This may be due to a change in surface geometry as a hole is 
excavated. In addition, factors such as detector aging will also play a role in changing 
the measured ratio of carbon isotopes. While this second effect is easily corrected 
using standardization, the first one can cause a loss of precision. 
Figure 5 .3 shows how in some long analyses, the last set or two of 10 ratio 
measurements in the same spot is often higher than the previous measurements. This 
fractionation most often moved towards heavier values (lower total machine 
fractionation), and generally became significant after 25 minutes of sputtering. To 
avoid this problem, the run table was shortened to 20 minutes in length. This was 
done by the removal of N measurements, which were not very useful due to the lack of 
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standard diamonds of known and homogeneous N concentration. After the shortening 
of the run table, this time-dependent fractionation was not apparent. 
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Figure 5.3: An example of early carbon isotopic results. The change in ratios with 
time was interpreted to be due to fractionation caused by the geometry of the crater 
produced by sputtering. Each spot analysis is represented here by a different color. 
each point represents 9 ratios, and the error is the standard deviation of those 9 
ratios. 
5.2.3.3 Steering-induced fractionation 
In addition to time-dependent fractionation, steering dependent :fractionation 
was also a serious problem. Figure 5 .4 shows measurements on a standard synthetic 
diamond where the 1st quadrupole Y steering was offset 30 bits from the value that 
gave the maximum signal. this caused one side of the beam to be truncated, so that the 
12C signal was 8% lower than when the beam was centered. As this figure shows, large 
machine :fractionation effects can be produced through changes in the steering. To 
compensate for this, secondary beam steering was centered in both the Y and Z 
directions to the nearest bit before every analysis. This practice was extremely 
effective at improving the precision of isotopic measurements, as is shown in figure 
5.5, standard data from the May 1999 analytical session. 
The cause of these changes in machine fractionation are unknown. However, 
an ion beam that is spatially heterogeneous in its isotopic composition could cause 
many of the observed fractionation effects. Truncation of different sides of an 
isotopically inhomogeneous beam would cause the ratio of isotopes reaching the 
detector to change. If the secondary ion beam has a composition that changed with 
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Figure 5.4: A demonstration of steering-induced fractionation. All of these 
measurements were made on the GE standard, but the outlier values were 
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Figure 5.5: Time dependent fractionation drift of the GE standard during the May 
1999 analytical session. The actual 13C/12C ratio in this sample is 0.0110113. The 
error bars are 2cr. The dashed lines are 2cr for the regression. The section of the 
graph between 250 and 600 minutes was done with 1st quadrupole steering similar 
to that used for geochronology (within 5-1 O bits of the peak center). After 600 
minutes, this steering was centered to the nearest bit. 
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Steering an inhomogeneous beam off center to cause truncation of one or the 
other of its sides would obviously produce changes in the ratio of ions passing through 
the mass spectrometer. Figure 5.4 shows that this effect is easily observed in C 
isotopic measurements using SHRIMP. Similarly, if crater excavation in the target 
causes a change is surface geometry, that might effect the trajectory of the beams 
coming off of the sample, leading to Y, Z movement in the secondary beam and 
resulting in apparent fractionation. 
If beam heterogeneity is the cause of the change in machine fractionation, one 
would expect widening the mass spec apertures to reduce beam truncation. This is 
exactly what is observed with SHRIMP. By using wider apertures, total signal 
increases, and changes in machine fractionation decrease. It should be noted, however, 
that the standardization experiments were designed to reduce or eliminate time and 
steering related fractionation, not to explain them. As a result, this theory of beam 
heterogeneity has not been tested. 
5.2.3.4 Drift correction 
Long term drift corrections were made by regressing a quadratic curve through 
all standard measurements. All values were then recalculated to the known standard 
value, using the difference between the isotopic value given by the regression curve 
and the known value at the time of analysis. A quadratic was used because the drift 
during the first SHRIMP analytical curve was non-linear, but a quadratic equation fit 
the data well (r2=0.95). This drift is shown in figure 5.6. 
The quadratic equation had significant curvature and slope for runs before 
steering-induced fractionation was well controlled (figure 5.6, figure 5.7), but was 
flatter and more linear in later runs (figure 5.8, figure 5.9). 
Once all the drift in the GE standard was corrected, the mean value of the UCL 
standard was calculated and compared to the known value. If it was different, a 
'stretch factor' was introduced to force the data to fit the accepted value of o13C = -5.8 
( 13C/12C= 0.0111721). This factor was then applied to all of the unknowns. In no case 
was the UCL standard more than 2%o away from its accepted value. 
Final results were then expressed as per mil deviation from PDB, instead of as 
absolute ratios (see section 5.3). The measured ratios and calculated correction factors 
for the various analytical sessions are given in Appendix A.5. 




(.) 0.00960 N 
..-






Carbon isotopes on SHRIMP 
• 
13C/12C of standard 
Regression curve 
- - 2cr (2.64e-5) 





Figure 5.6: Time dependent fractionation drift of the GE standard during the 
February 1999 analytical session. The actual 13C/12C ratio in this sample is 
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Figure 5.7: Time dependent fractionation drift of the GE standard during the April 
1999 analytical session. The actual 13C/12C ratio in this sample is 0.0110113. The 
error bars are 2cr. The dashed lines are 2cr for the regression. 
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Figure 5.8: Time dependent fractionation drift of the GE standard during the July 
1999 analytical session. The actual 13C/12C ratio in this sample is 0.0110113. The 
error bars are 2cr. The dashed lines are 2cr for the regression. Note the change in 
scale on the Y axis compared with figure 5.7. 
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Figure 5.9: Time dependent fractionation drift of the GE standard during the August 
1999 analytical session. The actual 13C/12C ratio in this sample is 0.0110113. The 
error bars are 2cr. The dashed lines are 2cr for the regression. 
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5.2.3.5 Final methodology 
The following is a summary of the best methodology developed for measuring 
12C/13C ratios on the SHRIMP II: 
1: The magnet calibration was reset from masses 196 (Zr20) and 254 (UO) to 12 (12C) 
and 13 (13C ). The computer screen and television were then degaussed to remove 
the effects of changing the fringing field, and the magnet was cycled half a dozen 
times and given 20-30 minutes to stabilize. 
2: The source and collector slit were opened to 200 µm. The alpha slits were 
sometimes opened, but this did not have a noticeable effect on changing the machine 
fractionation. 
3: Peak shapes were checked to ensure that the collector was set at the correct focal 
distance. A peak scan was run on the background mass to ensure it was flat, as 
anomalous peaks sometime occur at non-integral masses with the untruncated beam. 
4: Measurements (3 sets of 10 scans) were performed on a standard, and repeated until 
a constant ratio was produced. If necessary, the detector was checked for optimal 
operating voltage at this time. Secondary beam steering at the first quadrupole was 
centered to the nearest single bit in both Y and Z directions for every run. 
5: After stability and repeatability for the GE standard was achieved, a second, natural 
standard was analyzed as a dummy sample. If the analysis of this sample was 
successful, then samples were analyzed, with two or three sample analyses between 
standard analyses. 
6: During data collection, the second standard was repeatedly analyzed. If the drift 
curve for the second standard was different than that of the first standard, the results 
were considered unreliable. 
5.3 Results 
Several analytical sessions occurred before the final methodology was adopted. 
In particular, the importance of precise control of the first steering quadrupole lens was 
not discovered until May 1999. As a result, the data collected before this sessiort<r.e all 
considered preliminary and unreliable. 
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5.3. 1 Preliminary results 
5.3.1.1 Problems with early carbon isotopic measurements 
As is shown in figure 5.10, during the February 1999 analytical session the 2cr 
error for all GE analyses is only slightly larger than the 2cr error for each spot (there 
are three plotted ratios per spot). This suggests that the standard is fairly homogenous 
within the precision of the measurements. However, in the secondary (UCL diamond) 
standard, the error on each spot is only about half the total error for all of the 
measurements of this diamond. This suggest that either the diamond is heterogeneous, 
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Figure 5.10: Results from two standards and two carbonados measured during the 
February 1999 session, corrected for fractionation and plotted relative to PDB. 
Each analysis consists of three plotted ratios. The solid lines are the means for the 
standards, the dotted lines are 2cr. Error bars are 2cr. Mean values for the 
carbonado measurements are not plotted, due to difficulty in interpreting these 
results. 
5.3.1 .2 Carbon isotopic results 
Like the UCL standard, both carbonados analyzed show point to point scatter 
greater than the analytical error. However, because the UCL standard also showed 
this behavior, it is difficult to determine what scatter is due to machine fractionation 
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effects and what scatter is due to sample carbon isotopic heterogeneity. Still, it is 
interesting that spots 1 and 5 on carbonado B-1 gave ratios within error of each other, 
as these measurements were made on the same grain (figure 5.11). The results from 
this session are presented in table 5.3. 
Table 5.3 Summary of carbon isotopic results from the February analytical session. 
Count is number of ratios calculated- three ratios are calculated per spot. Data were 
standardized to the GE and UCL standards. 
sample 013C Std. Dev. Std. Error Count 
B-1 (mean) 31.9 3.6 0.9 18 
GE (mean) 20.1 1.6 0.2 45 
R-G 1 (mean) 24.0 4.3 1.1 15 
UCL (mean) 6.0 3.0 0.9 12 
B-1-1 33.7 0.5 0.3 3 
B-1-2 28.0 0.3 0.2 3 
B-1-3 27.9 3.1 1.8 3 
B-1-4 31.1 0.9 0.5 3 
B-1-5 33.6 1.5 0.9 3 
B-1-6 37.1 1.5 0.8 3 
RG1-1 28.4 2.1 1.2 3 
RG1-2 26.2 1.0 0.6 3 
RG1-3 24.6 1.4 0.8 3 
RG1-4 16.7 0.4 0.2 3 
RG1-5 23.8 2.0 1.2 3 
UCL1 0.6 1.6 0.9 3 
UCL2 1.9 2.4 1.4 3 
UCL3 5.7 1.5 0.9 3 
UCL4 7.8 1.0 0.6 3 
UCL5 8.5 1.5 0.8 3 
5.3.1 .3 Nitrogen results 
Nitrogen 14 was measured along with the two carbon isotopes during the first 
two analytical sessions. Because the GE standard is inhomogeneous with respect to 
nitrogen, the UCL standard had to be used. Because the carbon isotopic composition 
of the UCL standard showed unexplainable machine-induced fractionation, the carbon 
nitrogen ratio can be expected to show similar behavior. As shown in figure 5.12, this 
is precisely what was observed. The reported N content for the UCL standard is 
560±40 ppm nitrogen, so the raw 14/12 ratios are standardized to this value. The 
mean 14/12 ratio for UCL was 2257xl0-6, suggesting that N+ ion production is 
approximately 4.0 times greater than that of C+. The standard deviation of these 
measurements is considerably larger (70 ppm) than the accepted value (figure 5.12), 
suggesting that machine fractionation is altering the ratios. Nevertheless, the SHRIMP 
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values, after correction for differences in ionization efficiency between carbon and 
nitrogen, appear to be within 20% of the accepted value. 
Figure 5.11 Photomicrograph of Brazilian carbonado B-1, showing the location of 
SHRIMP analyses. the image is 2.5 mm across. SHRIMP craters are small, 
ellipsoid, flat bottomed holes. The large, circular, rough bottomed holes are eximer 
laser ablation holes. 
The variation of carbon isotopic composition in natural diamonds is at most 4% 
(Deines et al., 1993). As a result, per mil precision is generally required to obtain 
geologically useful carbon isotopic information. However, the nitrogen content of 
diamonds is much more variable, ranging from less than 1 ppm to over 5000 
ppm (Gurney, 1989). As a result, even if the SHRIMP measurements only accurate to 
within 20%, the data it produces can still be geologically meaningful. Because of this, 
the nitrogen data from the first two analytical sessions is presented in figure 5.13 and 
table 5.4. A CL image of carbonado R-Gl is shown in figure 5.14, with the analytical 
points added. This shows that spot 5 had green CL, spots 3 and 4 had orange CL, and 
spots 1 and 2 were mixed. 
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Figure 5.12: Nitrogen content of the UCL diamond standard, as measured during 
the February analytical session. The blue lines are the accepted 1 cr analytical error, 
the red lines are the lcr error from these results. 
Table 5.4 Nitrogen content measurements of three carbonados. Due to 
fractionation problems, the estimated 20% error is listed, along with the standard 
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Figure 5.13: Nitrogen content of three carbonados. Euhedral microdiamonds with 
green CL were measured in carbonado B-1. Anhedral matrix microdiamonds were 
measured in carbonado R·G1. Spots 2 and 5 had green CL, 1, 3, and 4 had orange 
CL. Large, euhedral microdiamonds with dim orange CL were measured in 
carbonado R-F7. These were measured in April, and the UCL standard was not 
measured that session, so these results may be less accurate than the February 
ones. Measurements 1 and 5 (points 1-3 and 13-15) of carbonado B-1 are from the 
same grain. This grain was the big green grain used in the Raman spectroscopy 
study discussed in chapter 5. 
For the other two analytical sessions done before the importance of the 1 st 
quadrupole steering was discovered, even the GE standard was poorly behaved (figure 
5.7, figure 5.5) Because of this, few analyses of unknowns were done, and the data 
from unknown analyses were difficult to interpret. 
5.3.Carbon isotopic composition of carbonado R-F7 
Following the tight control of the secondary beam steering initiated halfway 
through the May 1999 SHRIMP session, carbon isotopic measurements on SHRIMP 
became more reliable. As figure 5.15 shows, repeated measurements of the UCL 
standard did not show significant scatter, and the 2cr error for the analysis is 
approximately the same as the least precise spot. The same is true for two of the three 
fragments of the GE standard, all of which have C isotopic compositions that are 
within error of each other. The third piece of the GE standard, GE 3, has a first spot 
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that is about 2 per mil higher than the second two spots, causing the overall error for 
this grain to be larger than that of the other GE grains. With the exception of that 
spot, all other GE analyses agree to within 2cr. The data for the part of this run during 
which steering-induced fractionation was controlled are presented in table 5.5. 
Figure 5.14: Luminoscope CL image of carbonado R-G1, with locations of SHRIMP 
analyses marked in blue. The grain is 4.5 mm wide. 
Table 5.5 Summary of the May analytical session. Count is number of ratios 
calculated- three ratios are calculated er s ot. 
013c Std. Dev. Std. Error Count 
GE3 (mean) -20.5 1.2 0.2 18 
GE8 (mean) -19.6 1.2 0.3 12 
GEb (mean) -19.4 1.6 0.4 12 
R-F7 (mean) -27.1 0.6 0.2 12 
UCL (mean) -5.8 1.9 0.5 12 
RF7.1 -27.0 0.9 0.5 3 
RF7.2 -27.5 0.1 0.0 3 
RF7.3 27.0 1.0 0.6 3 
RF7.4 -26.7 0.3 0.1 3 
ucl1 6.3 2.7 1.5 3 
ucl2 7.2 2.0 1.1 3 
ucl3 4.7 1.1 0.6 3 
ucl4 -5.1 0.9 0.5 3 
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Figure 5.15: Carbon isotopic compositions of the fragments of the GE standard, the 
UCL standard, and euhedral crystals in Brazilian carbonado R-F7. The solid lines 
are the means, the dotted lines are 2cr. Error bars are 2cr.These measurements 
were taken during the May 1999 analytical session. 
Four analyses of the large monocrystals present in carbonado R-F7 all agree, 
and have both internal and spot-to-spot precision better than that of the standards. 
This suggests that the four microdiamonds measured have the same carbon isotopic 
composition. These were not the same three monocrystals which were measured for N 
content in the April 1999 analytical session, but they are morphologically similar and 
from the same carbonado specimen. 
5.3.3 Carbonado CAR-1 
African carbonado CAR-1 was measured in the July 1999 analytical session, 
and the results are shown in figure 5.16 and table 5.6. After drift correction, both the 
GE and UCL standards appear homogenous. However, both the euhedral 
microdiamonds and the anhedral matrix of carbonado CAR-1 appear to have carbon 
isotopic compositions that vary from spot to spot. 
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Table 5.6: Summary of the July analytical session. Count is number of ratios 
calculated- three ratios are calculated er s ot. 
All euhedral grains 
All anhedral matrix 
GE standard 
UCL standard 
Euhedral spot #1 
Euhedral spot #2 
Euhedral spot #3 
Matrix spot #1 
Matrix spot #2 
Euhedral spot #4 
Euhedral spot #5 
Matrix spot #3 
Euhedral spot #6 
Euhedral spot #7 
Matrix spot #4 
Matrix spot #5 
Euhedral spot #8 













01sc Std. Dev. Std. Error Count 
30.8 1.9 0.4 27 
27.5 2.1 0.5 15 
20.1 0.8 0.1 36 
5.8 1.6 0.5 9 
30. 7 0.4 0.2 3 
27.9 0.7 0.4 3 
31.0 0.5 0.3 3 
26.8 0.2 0.1 3 
25.6 0.5 0.3 3 
32.6 2.3 1.3 3 
31.4 1.4 0.8 3 
31.1 0.9 0.5 3 
32.2 1.3 0.8 3 
31 .0 1.8 1.0 3 
26.9 1.3 0.8 3 
27.0 0.9 0.5 3 
31.8 1.7 1.0 3 
29.0 1.7 1.0 3 
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Figure 5.16: Carbon isotopic compositions of the GE standard, the UCL standard, 
and Central African carbonado CAR-1. These measurements were taken during the 
July 1999 analytical session. The solid lines are the means, the dotted lines are 2cr. 
Error bars are 2cr. The euhedral monocrystals and the anhedral matrix diamonds in 
this carbonado are plotted separately. 
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5.3.4 Dachine diamonds 
Due to the lack of properly prepared carbonado samples in August 1999, eight 
diamonds from the Dachine talc schist in French Guiana were analyzed. Figure 5.17 
shows that as with the July session, both standards behaved like homogenous 
diamonds. The results from this study are given in chapter 6. 
0 





0 200 400 600 800 1000 1200 
Time (Minutes) • GE Std • d2-1 
"' 
UCL Std • d2-2 
• db-1 d2-3 
... db-2 • d2-4 
.... db-3 • d2-5 
Figure 5.17: Carbon isotopic compositions of the GE standard, the UCL standard, 
and eight diamonds from the Dachine talc schist, French Guiana. The solid lines 
are the means for the standards, the dotted lines are 2cr. Error bars are 2cr. The 
Dachine talc schist and its diamonds are the subject of chapter 6, and the results of 
this study are presented there. 
5.3.5 Post-multicollector analyses 
In September 1999 the detector on the SHRIMP II ion probe was replaced 
with a multicollector. Part of this replacement involved removing the manual collector 
slit control and replacing it with an automated system designed for multiple collectors. 
This new system has a maximum aperture of 150 µm. This slit width is too narrow to 
accommodate an untruncated carbon secondary ion beam. As a result, beam 
truncation causes poor peak shapes, and both precision and reproducibility are 
impaired. Figure 5.18 shows an attempt to get consistent results from the GE standard. 
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However, the lack of precision means that the GE and UCL standards are 
indistinguishable (figure 5.18). No further measurements of N and C in diamond were 
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Figure 5.18: Standardization curve for the GE standard run after multicollector 
installation. two analyses of the UCL standard are also shown. 
5.5 Interpretation of results 
Reliable carbon isotopic measurements were made on the euhedral diamond in 
carbonado R-F7, and on both euhedral grains and anhedral matrix in carbonado CAR-
L Unreliable results are also available for euhedral grains in carbonado B-1 and for 
carbonado R-G 1, which is entirely anhedral. Semi-quantitative nitrogen results are 
also available for carbonados B-1, R-Gl, and R-F7. 
The carbon isotopic results from carbonado R-F7 suggest that the four 
euhedral grains measured are isotopically similar within the precision of the 
measurement. However, this does not appear to be the case for the nine 
measurements of euhedral grains in carbonado CAR-1. The data from carbonado B-1 
also suggest isotopic variation, but standardization problems with the February 
analytical session mean that the B-1 data are equivocal. 
The matrix diamond in carbonado CAR-1 had a variable carbon isotopic 
composition. Similarly, the anhedral carbonado R-G 1 appeared to have a variable 813C 
content, although some or all of the variation in that sample may have been due to 
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machine fractionation in the February analytical session. In carbonado CAR-1, the 
euhedral diamonds were on average 3 %0 lighter than the anhedral diamond matrix. 
The difference in carbon isotopic composition between the euhedral diamonds 
and the matrix agrees with recent published results that show that areas with green CL, 
which are interpreted by the authors as euhedral diamonds, are 2%o lighter than areas 
with red CL that are interpreted as matrix (De et al., 2001). No heterogeneities were 
reported within euhedral diamond and matrix populations, but the poor sample polish 
on the carbonado in that study made interpreting the CL features difficult. Textural 
features were not directly observed by De et al. (2001). 
The nitrogen measurements of carbonado presented in this thesis are not very 
accurate, due to problems with standardization. However, they do show that in 
carbonado CAR-1, the euhedral, dark green microdiamonds have nitrogen contents 
that vary from about 20 ppm to almost 100 ppm, with 3 of the 5 measured grains 
around 20 ppm. The dim orange euhedral diamonds in R-F7 all seem to have slightly 
higher average values, around 50-60 ppm, with little variation between the three grains 
analyzed. Five measurements on single anhedral crystals in anhedral carbonado R-Gl 
showed that the nitrogen content appeared to vary from about 40 ppm to around 100 
ppm between grains. There does not appear to be any relation between CL color and 
N content in this carbonado. 
De et al. (2001) reported a qualitative positive correlation between red CL and 
N content in their CAR carbonado, and interpreted the regions with red CL in their 
carbonado as matrix. This led them to believe that the matrix is higher in N than the 
euhedral microdiamonds. This conclusion is consistent with the observation that the 
anhedral carbonado R-Gl is higher in nitrogen than 3 of the 5 green euhedral 
monocrystals in Carbonado B-1. However, carbonado R-Gl has nitrogen contents 
equal to or lower than the other two euhedral grains with dim green CL in carbonado 
B-1. Also, at least one of the N rich areas with red CL in the study by De et al. (2001) 
looks like a radiation damaged area, and other features that appear to be cracks show 
high N contents. Because their study used extra virgin olive oil as a lubricant in the 
polishing process, it is possible that this biological, N-bearing oil was absorbed into the 
cracks and pores of the carbonado, causing them to appear N rich. None of the ion 
probe nitrogen results from this study or from De et al. (2001) are consistent with the 
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high (> 1000 ppm) nitrogen content reported in euhedral carbonado microdiamonds by 
Shelkov et al. (1997). 
Even when combined with previous studies, the results presented here are 
insufficient to provide compelling evidence for either the 'two stage growth' hypothesis 
or the 'aggregation and deformation' hypotheses for carbonado formation (see chapter 
4 for a review). Neither can the compositional data disprove either of these 
hypotheses. 
The differences in N content of euhedral diamonds in carbonado B-1, and the 
differences in C isotopic composition of euhedral diamonds in carbonado CAR-1, both 
allow carbonado to be formed by the aggregation of diamonds with different 
compositions. However, the 'aggregation and deformation' theory predicts that the 
matrix, which is more deformed than the euhedral parts of carbonado, should have 
lower nitrogen, as type II (nitrogen-free) diamond is easily deformed (Yagi et al., 
2001). Shelkov et al. (1997) observed N-rich euhedral crystals in carbonado using 
FfIR, but De et al. (2001) suggest that the matrix is more N rich than the cores. The 
results in this thesis show that in the three carbonado samples studied for N, both the 
euhedral microdiamonds and the anhedral matrix have N contents that vary between 20 
and 100 ppm between individual microcrystals. 
The two stage growth hypothesis, proposed by Trueb and de Wys ( 1971) most 
recently presented and modified by De et al. (2001), suggests that the 2-3%0 isotopic 
difference between the euhedral diamonds that grew in the first stage, and the anhedral 
diamonds that grew in the second stage, is caused by fluid-diamond fractionation. It 
interprets the matrix as crystallizing during a late stage of rapid nucleation and growth 
from this fluid, and predicts that the matrix should be homogeneous. The limited data 
collected in this study shows that although the anhedral (matrix) diamond appears to 
be more homogenous with respect to N, it appears to be less homogenous with respect 
to carbon isotopes. 
This study shows that each of the 4 carbonados studied has different C isotopic 
and N concentration characteristics. Because of this, the compositional characteristics 
of carbonado cannot be correlated to textural or luminescence characteristics. Thus, 
further study is necessary to chemically constrain the microstructural features 
described in chapter 4. Because the multicollector prevents further chemical analysis 
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of carbonado using SHRIMP II, another technique must be applied to constrain the 
early history of carbonado. 
Chapter 6 presents data from the Dachine diamonds of French Guiana, which 
have nitrogen contents, carbon isotopic compositions, and morphologies broadly 
similar to those of the euhedral microcrystals found in carbonado. By interpreting 
these diamonds as natural analogues for the euhedral microdiamonds in carbonado, 
the diamond chemistry, host rock petrology, and tectonic setting of the Dachine 
diamonds can be used to constrain their crystallization history, and by analogy, that of 
the euhedral carbonado diamonds. 
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Chapter 6: Geochemistry of diamond and chromite from the 
Dachine talc schist, French Guiana 
6.1 Introduction 
In order to understand the conditions under which carbonado was formed and 
transported to the surface, it is useful to look at other early diamond deposits, 
especially those that contain diamonds with morphological or chemical similarities to 
carbonado. The Dachine talc schist is one such deposit, and the similarities between 
Dachine diamonds and carbonado are described below. Although the protolith of this 
metamorphic rock is not obvious, due to the high degree of metamorphic alteration, it 
can be constrained using xenolith geochemistry on those phases that were not altered 
by the greenschist metamorphism that has effected the bulk rock chemistry. This 
allows greater understanding of the Dachine diamonds, and by using these diamonds as 
carbonado analogs, of carbonado as well. 
6. 1. 1 Overview of Dachine talc schist 
6.1.1.1 Tectonic setting and stratigraphic framework 
The Dachine talc schist is hosted in an early Proterozoic greenstone belt, which 
was emplaced between 2.2 and 2.1 Ga (Gruau et al., 1985; Vanderhaeghe et al., 1998). 
The distribution of greenstone belts in French Guiana is shown in figure 6.1. These 
belts form the oldest part of the Guiana Craton, which underlies much of Northeast 
South America. Although early Proterozoic in age, greenstone belts in the Guiana 
craton are similar to Archean greenstone belts around the world, including those found 
in the Sao Francisco and Congo cratons from which carbonado is believed to derive 
(see chapter 3). 
In the Guiana Craton, greens tone belt formation was shortly ( -20 million years) 
followed by a continental collision-style orogeny, which produced structures similar to 
those found in Phanerozoic collision zones (Vanderhaeghe et al., 1998). Thus the 
geology of the Guiana Craton shows both ancient and modern styles of continental 
crust formation, which occurred within a geologically short span of time. 
The greenstone belts in French Guiana are made up of two igneous suites. The 
first is an older tholeiitic suite, which was emplaced at -2170 Ma. This suite mostly 
consists of basalts, and occasional komatiites, and more silicic, differentiated magmas 
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such as trondhjemites. This is interpreted as oceanic or back-arc basin type volcanism 
(V anderhaeghe et al., 1998). 
Figure 6.1 A simplified geologic map of French Guiana, showing the location of the 
greenstone belts. This map is modified from (Vanderhaeghe et al., 1998). The 
location of the Dachine talc schist is noted with a diamond. 
The second suite, occurring around 2140 Ma in the northern part of the 
country, and at 2120 Ma in the central areas, is a calc-alkaline and shoshonitic suite of 
volcanics, interlayered with immature sediments (Gruau et al., 1985 ; Vanderhaeghe et 
al., 1998). This sequence contains the Dachine talc schist, a diamondiferous 
metavolcanic rock (Bailey et al., 1998), and is interpreted as having formed in an arc-
type setting, prior to a 2086 Ma continental collision (Vanderhaeghe et al., 1998). 
Parts of the Dachine talc schist have subsequently been intruded by late Trans-
Arnazonian granitoid and gabbro intrusions (Capdevila et al., 1999). 
6.1.1.2 Rock description 
The extent of outcrop of the Dachine talc schist is variable in width between 
600 and 1200 meters, and it is at least 5 km long (Bailey et al., 1998 ; Capdevila et al., 
C. W. Magee, Jr. Geochemistry ofDachine diamonds and chromites 164 
1999). This metamorphic rock is a talc, chlorite, carbonate, albite schist, with 
occasional phlogopite. The presence of talc and calcite without tremolite suggests 
that the maximum metamorphic temperature was 520 °C (Connolly and Trommsdorff, 
1991; Trommsdorff and Connolly, 1990). In most places the schist is foliated, but in 
some areas, relict primary textures have been reported. Capdevila et al. (1999) 
describes these as pyroclastic or perhaps hyaloclastic, while Bailey (1998) describes the 
textures they observed as ash tuff to lapilli tuff to breccia. The talc schist also includes 
a few relict high pressure minerals, including garnet, chromite, and diamond. 
The Dachine talc schist is interpreted by Capdevila et al. (1999) as a meta-
komatiite based on its high MgO content, trace element composition, and volcanic 
texture. McCandless et al. (1999) suggested that this rock might have been a 
lamproite, based on diamonds resorption textures. Bailey et al. (1998) suggest a 
number of possibilities for a protolith, including a kimberlite (pyroclastic deposit, pipe 
or sill), a paleoplacer deposit, or an ultramafic complex. However, the lack of high 
temperature metamorphism in surrounding rocks or tectonic transport of the Dachine 
argues against it being part of an ultrama:fic complex, and the bulk composition 
suggests that it is not a paleoplacer (Bailey et al., 1998). Thus the protolith of the 
Dachine talc schist is not well defined. 
6.1.1.3 Diamond description 
The Dachine talc schist contains between <1 and 77 diamonds/kg of rock. 
While most of these are less than 1 mm in size, a few have diameters greater than lmm 
(Capdevila et al., 1999). A selection of alluvial microdiamonds recovered from 
streams that drain the Dachine were described by McCandless et al. (1999). 
The 464 diamonds described by McCandless et al. (1999) differ from those 
common to kimberlites. Although the proportion of fragmented stones (73%) is the 
same as the average for kimberlites or lamproites, the morphology of the unbroken 
stones is different. While the vast majority of kimberlite diamonds (>90%) have a 
octahedral shape, only 50% of the Dachine diamonds are octahedral. Thirty-three 
percent are cuboid, and 16% are tetrahexahedroida (McCandless et al., 1999). The 
cubic diamond morphology suggests a cool formation temperature compared to that of 
typical kimberlitic diamonds (Sunagawa, 1984), while tetrahexahedroida are generally 
caused by resorption (McCandless et al., 1999). These textures suggest that diamond 
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formation occurred at a lower temperature than it does for normal, kimberlite-
transported diamonds, and that resorption in the transporting magma was stronger than 
it is in a kimberlite. 
Another feature which differentiates Dachine diamonds from those found in 
kimberlite is their isotopic signature. While most mantle derived diamonds have 
carbon isotopic values that are heavier than -17%0 PDB (See figure 1.7), most of the 
Dachine diamonds are isotopically lighter, with a concentration around -25 %0, similar 
to organic carbon (figure 6.2). The rest of the Dachine diamonds have values 
intermediate between these organic values and typical mantle values (McCandless et 
al., 1999). Because these diamonds are isotopically similar to carbonado (figure 6.2), 
and because they are also associated with South American greenstone belts, an FI'IR 
and isotopic study of the diamonds and a geochemical study of the Dachine chromites 
was conducted in an attempt to constrain the diamond formation and emplacement 
mechanism. 
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Figure 6.2 A histogram of d13C isotopic composition for carbonados and Dachine 
diamonds. Dachine data are from this study and McCandless et al. (1999). 
Carbonado data are from Shelkov et al. (1997). Most kimberlitic diamonds with 
peridotitic mineral inclusions have carbon isotopic compositions heavier than -9%o; 
most diamonds with eclogitic inclusions are heavier than -17%0. 
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6. 1.2 Similarities between carbonado and Dachine diamonds 
The study of the Dachine talc schist is relevant to this thesis because of the similarities 
between carbonado and the Dachine diamonds. These similarities are extensive 
enough to warrant further study of both the diamonds and rock in which they occur. 
As was shown in chapter 4, many of the euhedral microdiamonds that compose 
carbonado are cuboid in form. The Dachine diamond population, which consists of 
diamonds that are generally small, also has a high proportion of cuboid diamonds, 
compared to diamonds from kimberlites (McCandless et al., 1999). The larger 
carbonado microdiamonds can be 200 µm across, the same size as some of the smaller 
Dachine diamonds recovered. It is not clear if the 200 µm lower size limit for the 
Dachine diamonds is natural or simply the smallest mesh size used in extracting them. 
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Figure 6.3 FTIR spectrum of a Dachine diamond. This diamond has a nitrogen 
content of 235 ppm, and the lb peak is the dominant nitrogen-related peak, so much 
of this nitrogen in this diamond is present as single atomic substitutions. 
The Dachine diamonds are also old. Although the Dachine talc schist has not been 
dated, the volcanosedimentary sequence in which it occurs is correlated to rocks that 
formed between 2.1 and 2.2 Ga. (Gruau et al., 1985). Although younger than the 2.8 
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to 3.6 Ga model ages for carbonado (Ozima and Tatsumoto, 1997), this is still a very 
old age for diamond emplacement. Because this age is about 50 million years after the 
formation of the oldest crust un French Guiana (Gruau et al., 1985; Vanderhaeghe et 
al., 1998), the Dachine talc schist cannot have erupted into a stable craton, like most 
diamondiferous kimberlites do. 
Finally, both carbonado and diamond from the Dachine talc schist have carbon 
isotopes that are in the -25 to -30%0 range, a carbon isotopic composition that is 
similar to modern organic matter and much lighter than the vast majority diamonds. A 
813C histogram for both Dachine diamonds and carbonado is shown in figure 6.2. 
Because of these similarities, the Dachine diamonds seemed appropriate for further 
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Figure 6.4 This is an FTIR spectrum of another Dachine diamond. This diamond 
has no visible N absorption bands. This means that the N content is probably below 
30 ppm. This is a type II diamond. 
6.2 Diamond experiments 
As was explained in chapter 1, FTIR can be used to determine the aggregation state of 
nitrogen in the diamond lattice. This can be used to deduce a thermal history for the 
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diamonds. FfIR will also reveal the nitrogen content of the diamonds. As explained 
in chapter 5, SHRIMP can be used to measure the isotopic composition of the 
diamonds. Because many Dachine diamonds have an isotopic composition similar to 
that of carbonado, correlating differences in 813C to the nitrogen aggregation state will 
show if the diamonds with isotopically light 'organic' have different thermal histories 
than the diamonds with heavier carbon isotopic composition. 
6.2.1 Results of FTIR and 6'3C experiments 
An FfIR study of 25 Dachine macrodiamonds was conducted in order to 
determine the nitrogen content and aggregation state of the Dachine diamonds. Due to 
the small size ( <500 µm) of diamond extracted directly from drill cores, alluvial 
diamonds sampled from drainages derived directly from the dachine body were used. 
The use of small macrodiamonds also avoids the controversy surrounding whether or 
not microdiamonds and macrodiamonds are genetically related (Haggerty, 1986). 
Because there are no other diamond source rocks or alluvial diamond populations 
known in French Guiana or eastern Suriname, it is reasonable to assume that these 
alluvials, which were sampled from streams that cross the Dachine talc schist, 
originated in that rock. The methods used are described in appendix A.6.1. 
6.2.1.1 N content 
Three of the diamonds analyzed had detectable levels of N. These were 
reasonably low in N, with values between 500 and 100 ppm. A sample FfIR spectra is 
shown in figure 6.3. The other 22 diamonds were type Ila- with no detectable N bands 
in their IR spectra. One of these spectra is shown in figure 6.4. These diamonds have 
a N content that is less that the detection limit, which is about 30 ppm for these 
spectra. 
6.2.1.2 N aggregation and T-t curves 
The N containing diamonds showed extremely unaggregated N spectra (figure 
6.3), and thus would be classified as type lb. Despite differing extents of N 
aggregation (table 6.1), when aggregation rate is corrected for N content (higher N 
content results in anincrease in aggregation rate), the diamonds give very similar 
temperatures for a given residence time (figure 6.5, table 6.2). This indicates that they 
have nearly identical thermal histories. 
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Figure 6.5 This is a temperature-time curve for three Dachine type lb diamonds with 
different nitrogen contents. The top graph shows the low temperature/ long 
residence time part of the curve; the bottom graph shows the high temperature/ 
short residence time part of the curve. Other features such as the age of the Earth, 
an eruption time for kimberlites (Kelley and Wartho, 2000), and the average 
temperature of komatiites at 150km depth, are shown. 
Table 6.1 Table of nitrogen content and aggregation states from Dachine 
diamonds. DACH-1 B and 1 C are measurements from the same diamond. N(X) is 
the nitrogen content (in ppm) determined from 4 different parts of the nitrogen 
spectrum. The number refers to the position of the measurement, in cm-1. N avg. 
is the average total nitrogen content, in ppm. N(lb) is the amount of unaggregated 
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nitrogen; %N(laA) is the amount of nitrogen aggregated into pairs. The last column 
is the ercenta e of the total nitre en that is a re ated. 
Specimen N(1282) N(l313) N(1234) N(ll32) N(avg.) N(lb) N(laA) %N(laA) 
DACH-lB 237.3 239.9 246.7 240.9 241.2 102.7 138.5 57.4 
DACH-IC 225.6 227.8 231.5 228 228.2 96.7 131.5 57.6 
DACH-21 118.7 122.1 123.2 121.2 121.3 63.5 57.8 47.7 
DACH-24 449.5 455.8 454.4 454.1 453.5 121 332.5 73.3 
Table 6.2 Residence temperatures of Dachine diamonds for given residence times. 
These are the figures used to generate the temperature time curve shown in figure 
6.5. They are derived by calculating the diffusion time to achieve the N aggregation 
state shown in table 6.1, using experimentally determined diffusion times (Taylor et 
al., 1996 . One ear is 8766 hours. 
Residence time TofOOJ To/021 To/024 
0.1 hour 2073 2093 2076 
1 hour 1905 1923 1908 
10 hours 1759 1775 1762 
100 hours 1632 1633 1634 
1000 hours 1519 1532 1522 
10000 hours 1420 1430 1422 
1 years 1425 1436 1427 
10 years 1335 1345 1337 
100 years 1254 1263 1256 
1 Ka 1181 1189 1183 
lOKa 1115 1122 1116 
lOOKa 1054 1061 1056 
1 Ma 999 1005 1000 
lOMa 948 953 949 
lOOMa 901 906 901 
1 Ga 852 862 858 
lOGa 816 821 817 
6.2.1.3 SHRIMP determination of o13C 
Eight Dachine diamonds were analyzed for their o13C using the method 
for in-situ carbon isotopic analysis of diamond described in chapter 5 and appendix 
A.~.2. The carbon isotopic composition of the Dachine diamonds varies between 
-32%0 and -4%o. These values are shown in table 6.3, and figure 6.6. 
Because the lb diamonds have low, variable N contents, and because they have 
the same range in C isotopic compositions as the type II diamonds, it is probable that 
one diamond population exists, and that it has a high variability in source carbonaceous 
material, giving rise to diamonds of the same age with different C isotope signatures 
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and nitrogen contents. The N content of the diamonds varies from 500 ppm to less 
than 30 ppm, the detection limit of N in diamond for FrIR. 
Table 6.3 Carbon isotopic measurements of Dachine diamonds from SHRIMP 
analyses. Count refers to the number of scans per sample. All isotopic values are 
reported in %0 relative to PDB. Samples GE and UCL are standards. GE is a 
diamond synthesized by General Electric, UCL is a natural diamond donated by 
University College, London. The d2 samples are type II diamonds, the db samples 
are t e lb diamonds. 
13c Std. Dev. Std. Error Count 
d2-1 34.0 1.5 0.5 9 
d2-2 28.3 1.4 0.5 9 
d2-3 20.5 1.2 0.4 9 
d2-4 24.4 0.9 0.3 9 
d2-5 7.7 1.2 0.4 9 
dbl 29.6 1.5 0.5 9 
db2 3.9 1.5 0.5 9 
db3 26.8 1.7 0.6 9 
ge 20.1 1.4 0.2 45 
ucl 5.9 1.5 0.4 18 
6.2.2 Discussion of diamond C and N chemistry 
6.2.2.1 Nitrogen content and aggregation state 
The nitrogen contents of Dachine diamonds are fairly compared to most natural 
diamonds, and somewhat lower than that of carbonado. Shelkov et al. (1997) 
measured the N content of both Brazilian and CAR carbonado, and showed that most 
carbonado has a N content below 150 ppm, as is shown in figure 6. 7. Like the 
Dachine diamonds, carbonados are generally low in nitrogen, although occasional 
samples have higher concentrations. However, most of the low nitrogen carbonados 
still have more N than the type II Dachine diamonds, which have <30 ppm. The 
nitrogen aggregation state of the Dachine diamonds is also unusual. 
Type lb diamonds are rare in kimberlites, but 12% of the diamonds from the 
Dachine talc schist had dominantly type lb spectra. Although approximately 2% of 
kimberlitic diamonds are type II, 88% of the Dachine diamonds are type II. Type IaA-
IaB diamonds, which dominate the populations of most kimberlitic diamonds (Harris, 
1987), are completely absent in the population of Dachine diamonds studied. 
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Figure 6.6 Carbon isotopic composition of Dachine diamonds, as measured on 
SHRIMP II. This isotope versus analysis time diagram is corrected for machine drift, 
and shows the measurements of the standard (black & gray) and unknown (colored) 
diamonds. 
6.2.2.2 Carbon isotopes 
Figure 6.8 shows that the values reported here are similar to the values reported by 
McCandless et al. (1999). Most of the diamonds are between -22 and -32%0, with a 
few diamonds extending the field to -4%o. Both the Type lb and the type Ila diamonds 
exhibit this range of isotopic ratios, so the two types are not isotopically distinct 
populations. If all of these diamonds are from a single population, then the nitrogen 
aggregation state of the type lb diamonds can be used to determine the thermal history 
of the diamond population. 
6.2.2.3 Thermal history derived from nitrogen aggregation state 
The closeness of the temperature-time (T-t) curves (figure 6.5) of the three 
type lb Dachine diamonds despite their different nitrogen contents suggests that these 
diamonds have a common thermal history. The maximum temperature experienced by 
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these diamonds over a 24 hour period is considerably less than the temperature of a 
komatiite magma at 150 km depth, suggesting that the N in these diamonds is not 
aggregated enough for them to have been transported from the mantle by komatiite 
magma, as has been previously suggested (Capdevila et al., 1999). The T-t curves in 
figure 6.5 are similar to those for metamorphic diamonds from the Kokchetav massif 
(Decorte, 2000), which were at -950°C for 5-10 million years. The low temperature 
suggested by the nitrogen aggregation state is consistent with the high proportion of 
cubic grains in the Dachine diamond population (McCandless et al., 1999), which 
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Figure 6.7 The nitrogen content of carbonado. This histogram shows the nitrogen 
content of 20 carbonados analyzed by Shelkov (1997). Two samples that had 
> 1000 ppm N are not shown. 
6.2.2.4 Interpretation 
Before the constraints on mantle residence or magmatic transport can be 
derived from the Dachine diamonds, it is important to determine what, if any, effect 
regional metamorphism would have had on the N aggregation state of the diamonds. 
The maximum metamorphic temperature of the Dachine talc schist as derived from the 
metamorphic petrology is 520 cc. Nitrogen diffusion in diamond is so slow at crustal 
temperatures that even at the age of the Earth, temperatures below 800 cc have no 
discernible effect on N aggregation (table 6.2). Because the regional metamorphism 
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was only tens of millions of years, and the maximum temperature was well below 800 
°C, it is safe to assume that nitrogen aggregation attributable to Trans-Amazonian 
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Figure 6.8 Carbon isotopic composition of Dachine diamonds. The McCandless 
1999 data are from a previous study of carbon isotopic composition (McCandless et 
al., 1999). The type lb diamonds are diamonds from this study that show 
predominantly unaggregated nitrogen spectra. The type 11 diamonds are diamonds 
from this study which do not have nitrogen detectable by FTIR. 
Capdevila et al. (1999) suggested that the Dachine talc schist is a meta-
komatiite, based on its high MgO content and depleted trace elemental characteristics. 
However, the low nitrogen aggregation state of the diamonds suggests that they did 
not reside in a high temperature magma. Figure 6.5 shows the potential temperature 
for a komatiite magma (Herzberg and O'Hara, 1998). At the low range of these 
temperatures, the diamonds would gain their current aggregation state in about 24 
hours. Unless a komatiite can erupt from a depth of> 150 km faster than a kimberlite, 
a diamond entrained in such a magma would exhibit a higher degree of nitrogen 
aggregation than what is observed in the Dachine diamonds. Because the temperature 
at 5 GPa would be about 50 °C higher than the potential temperature, the Dachine 
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diamonds could only withstand such high temperatures between two and ten hours (see 
figure 6.5). Although one experimental study suggests eruption times for kimberlites 
on the order of minutes to hours (Canil and Fedortchouk, 1999) these experiments are 
seriously flawed for a number of reasons (e.g. assumption of a C02-free kimberlite), 
and a more realistic estimate for kimberlite eruption time is 0.5-30+ days (Franz et al., 
1996; Kelley and Wartho, 2000). It is therefore unlikely that a high temperature 
magma carried the Dachine diamonds to the surface. This indicates that the protolith of 
the Dachine talc schist was probably emplaced as a lower temperature, hydrous 
magma. 
6.3 Chromite experiments 
Because nitrogen aggregation indicates that the protolith for the Dachine talc 
schist could not have been a komatiite, an attempt to identify a likely protolith was 
made. The talc schist is highly altered, so heavy mineral separates were examined to 
determine whether any iphases besides diamond survived metamorphism. 
Garnets and chromites have both been found in heavy mineral separates. The 
garnets appear to be lherzolitic (Capdevila et al., 1999), and thus are probably mantle-
derived xenocrysts. Chromite, on the other hand, can easily crystallize from a melt as 
Cr rich as the Dachine talc schist. Because all of the silicates found in the Dachine talc 
schist are metamorphic minerals (with the exception of trace xenocrystal garnet), 
chromite is the only mineral that might potentially be magmatic. Dachine chromites 
were analyzed to determine whether they were magmatic or xenocrystal, and if 
magmatic, what sort of magma they were in equilibrium with. 
6.3.1 Major element composition of Dachine chromites 
The major elements in the chromites were measures using electron microprobe 
WDS. The methods are given in Appendix A.6.3. Elements analyzed were Si, Ti, Al, 
V, Cr, Fe, Mn, Zn, Mg, and Ca. 72 measurements were made on 45 chromites. The 
results are given in table 6.4. 
6.3.1 .1 General description 
The 45 chromites studied consisted of two titanium chromites, 14 
magnesiochromites, and 29 chromites (sensu stricto). Seven of the 14 
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magnesiochromites had magnesium-poor rims due to Mg loss during metamorphism. 
This phenomena is discussed in section 6.3.1.2. 
The titanium content of these chromites varies by more than an order of 
magnitude. Such an effect could be caused by ilmenite exolution lamellae in the 
chromites. However, multiple analyses of different parts of the same grains (e.g. core 
vs. rim) show that in most grains the Ti content varies by less than 15%. Thus ilmenite 
exolution is probably not the cause of the Ti variability between grains. 
According to the Ramsay discrimination formula (Ramsay, 1992), 15 of the 
chromites were diamond indicator chromites. However, applying the Moore 
discrimination formula (Moore et al., 1989) identified only 3 of the chromites as 
diamond indicators. All three of these chromites were also identified as diamond 
indicators by the Ramsay method. 
According to the Denny (1998) major element discrimination formula 2, four of 
the chromites were boninitic. Nine were diamond indicators, One was borderline 
magmatic/mantle, and four were borderline magmatic/metamorphic. The rest were 
magmatic chromites, according to that discrimination formula. 
6.3.1.2 Metamorphic or hydrothermal alteration 
Due to greenschist metamorphism in the Trans-Amazonian orogeny, and 
subsequent recent surficial weathering in a tropical rainforest environment, some of the 
chromites have been chemically altered. By comparing rim and core analyses, and by 
analyzing the spongy-textured altered chromites, it became apparent that this alteration 
results in a loss of Mg and a gain of Zn. A plot of MgO content vs. ZnO content is 
shown in figure 6.9. Mg/Zn ratios are given in table 6.4, which distinguishes cores 
from rims. Spinels with MgO/ZnO ratios ofless than 100 are considered "altered", and 
identified as having log (MgO/ZnO) < 2 for the rest of the chapter. 
Alteration to maghematite, a defect spinel, also occurs, causing the 
stoichiometrically calculated Fe203 to decrease with decreasing Mg/Zn. (figure 6.10). 
The stoichiometrically calculated Fe203 decreases are due to the defect spinel 
containing a vacancy, shown in this formula: (_113Fe3+213)(Al3+,Cr3+)204. Because the 
stochiometric calculation assumes a cation to oxygen ratio of 3:4, it does not yield 
sensible results for defect spinels. These chromites are not actually free of Fe3+. This 
alteration is expected in the modern tropical oxidizing weathering environment. 
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Table 6.4 Results from WDS analyses of 45 different chromites. The letter after the 
sample number indicates what part of the grain was sampled. C = core; R = Rim; M 
= midway between core and rim; S = spongy texture. Spongy texture refers to 
grains that are porous and appear to be damaged due to weathering. Where no 
letter is designated, the measurement was of the core. Mg# is (Mg/Mg+Fe)x100, Fe 








0.00 1.37 7.51 0.16 53.67 2.11 31.48 33.38 0.89 0.05 1.49 0.23 0.00 
0.00 0.21 13.67 0.24 55.56 0.00 27.17 27.17 0.92 0.17 0.59 2.65 0.00 
0.00 0.18 13.98 0.20 55.30 0.00 
0.00 0.51 12.72 0.16 52.13 1.23 
0.16 0.16 7.81 0.12 60.82 0.00 
0.15 0.12 9.59 0.22 59.35 0.00 
CHR_8-2 0.15 0.11 9.80 0.24 59.47 0.00 
CHR_8-3 0.17 0.11 9.95 0.23 60.48 0.00 
CHR_9_C 0.00 0.28 10.77 0.15 60.31 0.32 
CHR_9_R 0.00 0.30 10.34 0.14 58.91 0.00 
CHR_lO_C 0.11 0.04 11.65 0.17 59.49 2.52 
CHR_lO_R 0.09 0.03 10.53 0.16 56.19 0.00 
27.81 27.81 1.01 0.07 0.76 2.37 0.00 
31.90 33.01 0.86 0.09 1.63 0.48 0.00 
25.61 25.61 1.10 0.00 3.19 0.23 0.00 
28.19 28.19 0.65 0.10 0.49 3.41 0.00 
28.09 28.09 0.68 0.09 0.53 3.16 0.00 
24.28 24.28 0.52 0.11 0.27 6.20 0.00 
21.94 22.22 0.40 0.08 0.10 8.03 0.00 
27.31 27.31 0.75 0.08 1.28 2.63 0.00 
11.80 14.07 0.20 0.11 0.06 14.43 0.00 
29.85 29.85 0.80 0.14 0.98 1.24 0.00 
CHR_12A 0.10 0.08 11.42 0.18 56.16 0.00 27.33 27.33 0.85 0.11 0.91 2.21 0.00 
CHR_12B 0.12 0.06 11.57 0.16 56.27 0.00 27.15 27.15 0.74 0.12 0.59 2.61 0.00 
CHR_12C_C 0.11 0.07 12.01 0.20 58.86 1.46 
CHR_12C_R 0.35 0.06 12.22 0.17 56.48 0.00 
CHR__13 0.15 0.05 6.44 0.18 61.40 0.44 
.CHR_l3_R 0.13 0.08 6.69 0.17 59.93 0.00 
CHR_l6_S 0.05 0.68 9.77 0.28 55.14 0.00 
CHR_l8_C 0.11 1.14 10.17 0.26 51.45 1.80 
CHR_18_R 0.09 1.06 10.27 0.26 50.97 1.26 
CHR_20_S 2.49 0.47 12.06 0.18 51.16 0.00 
CHR_24_C 0.13 0.05 10.99 0.18 57.58 0.00 
CHR_24_R 0.15 0.05 11.59 0.18 56.40 0.00 
CHR__26_C 0.14 0.12 7.11 0.08 59.27 0.00 
CHR_26_R 0.13 0.12 7.19 0.09 58.99 0.00 
CHR_29_C 0.00 0.08 13.56 0.20 55.62 1.63 
CHR_29_R 0.00 0.09 13.39 0.19 53.85 0.00 
CHR_30 0.04 0.19 9.11 0.08 59.16 0.00 
CHR_30_R 0.00 0.20 9.16 0.09 57.84 0.00 
CHR_32 0.00 0.02 4.82 0.09 63.23 0.00 
CHR_32_R 0.00 0.04 5.05 0.09 63.17 0.00 
CHR_34_C 0.05 0.30 13.02 0.13 55.93 2.60 
CHR_34_M 0.06 0.29 13.27 0.14 55.85 2.33 
CHR_34_R 0.04 0.26 13.23 0.12 54.84 0.00 
CHR__39_C 0.04 0.09 7.99 0.08 61.61 1.79 
Standard 0.03 0.14 9.92 0.1 60.04 2.95 
13.03 14.34 0.20 0.12 0.06 13.48 0.00 
22.88 22.88 0.47 0.11 0.14 7.07 0.06 
22.24 22.63 0.50 0.07 0.07 6.41 0.00 
27.92 27.92 0.90 0.03 1.65 1.38 0.00 
27.93 27.93 1.08 0.00 3.92 0.27 0.00 
31.08 32.70 0.58 0.13 0.38 1.46 0.00 
31.15 32.28 0.77 0.08 1.71 0.35 0.00 
29.96 29.96 1.01 0.04 2.24 1.63 0.20 
24.91 24.91 0.70 0.09 1.45 3.10 0.00 
26.60 26.60 0.88 0.06 2.08 1.15 0.00 
25.57 25.57 0.66 0.14 0.14 3.27 0.00 
25.36 25.36 0.78 0.08 1.25 2.62 0.00 
15.68 17.14 0.24 0.11 0.09 11.62 0.00 
26.07 26.07 0.69 0.09 1.62 2.92 0.00 
23.26 23.26 0.57 0.08 0.18 4.99 0.00 
25.36 25.36 0.89 0.06 1.90 1.98 0.00 
22.09 22.09 0.69 0.05 1.26 3.11 0.00 
21.55 21.55 0.75 0.03 1.80 3.39 0.00 
13.37 15.71 0.15 0.15 0.04 13.35 0.00 
15.07 17.17 0.20 0.15 0.07 12.37 0.00 
24.86 24.86 0.50 0.13 0.26 5.14 0.00 
14.84 16.45 0.29 0.12 0.04 11.54 0.00 
10.1 12.75 0.1 0.2 0.05 15 0 
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Table 6.4 (continued) 
Sample# Total Mg# Cr# Fe2+# Fe3+/IFe MgOIZnO 
CHR_l-1 98.96 1.3 82.7 98.7 0.06 0 
CHR_3 101.18 14.8 73.2 85.2 0.00 5 
CHR_3-2 101.68 13.2 72.6 86.8 0.00 3 
CHR_4 101.72 2.6 73.3 97.4 0.03 0 
CHR_5_S 99.20 1.6 83.9 98.4 0.00 0 
CHR_8 102.28 17.7 80.6 82.3 0.00 7 
CHR_8-2 102.32 16.7 80.3 83.3 0.00 6 
CHR__8-3 102.32 31.3 80.3 68.7 0.00 23 
CHR_9_C 102.37 39.5 79.0 60.5 0.01 83 
CHR__9_R 101.74 14.7 79.3 85.3 0.00 2 
CHR_lO_C 100.56 68.6 77.4 31.5 0.16 244 
CHR_lO_R 100.02 6.9 78.2 93.1 0.00 1 
CHR_12A 99.36 12.6 76.7 87.4 0.00 2 
CHR_l2B 99.39 14.6 76.5 85.4 0.00 4 
CHR_12C_C 99.60 64.8 76.7 35.2 0.09 211 
CHR_12C_R 100.03 35.5 75.6 64.5 0.00 50 
CHR_13 97.94 33.9 86.5 66.1 0.02 97 
CHR_13_R 98.86 8.1 85.7 91.9 0.00 1 
CHR_16_S 99.12 1.7 79.1 98.3 0.00 0 
CHR_18_C 98.56 7.7 77.2 92.3 0.05 4 
CHR_l8_R 97.98 2.0 76.9 98.0 0.04 0 
CHR_20_S 101.45 8.8 74.0 91.2 0.00 1 
CHR_24_C 99.19 18.2 77.9 81.8 0.00 2 
CHR_24_R 99.13 7.2 76.5 92.8 0.00 1 
CHR_26_C 96.51 18.6 84.8 81.4 0.00 23 
CHR_26_R 96.61 15.6 84.6 84.4 0.00 2 
CHR_29_C 98.83 56.9 73.3 43.1 0.09 134 
CHR_29_R 98.93 16.6 73.0 83.4 0.00 2 
CHR_30 97.66 27.7 81.3 72.3 0.00 27 
CHR_30_R 97.49 12.2 80.9 87.8 0.00 1 
CHR_32 95.36 20.1 89.8 79.9 0.00 2 
CHR_32_R 95.87 21.9 89.4 78.1 0.00 2 
CHR_34_C 99.07 64.0 74.2 36.0 0.15 379 
CHR_34_M 99.80 59.4 73.8 40.6 0.12 179 
CHR_34_R 99.37 26.9 73.5 73.1 0.00 20 
CHR_39_C 98.43 58.1 83.8 41.9 0.10 277 
Standard 98.55 72.5 80.2 27 .5 0.21 349 
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0.07 0.08 7.93 0.09 61.49 1.50 16.81 18.16 0.36 0.10 0.06 10.30 0.00 
0.06 0.08 8.24 0.08 61.57 2.23 
0.04 0.19 4.65 0.11 61.94 0.50 
0.00 0.19 4.57 0.09 61.86 0.27 
0.00 0.19 4.74 0.09 61.11 0.38 
0.00 0.04 19.38 0.17 50.75 0.60 
0.00 0.02 19.38 0.18 48.84 0.00 
0.00 0.30 9.49 0.12 58.47 2.05 
0.00 0.32 11.33 0.14 55.94 0.17 
CHR_47_C 0.04 0.14 15.72 0.18 52.10 2.08 
CHR_54_C 0.03 0.10 4.19 0.05 64.97 0.00 
CHR_55_C 0.00 0.08 10.76 0.20 59.09 1.26 
CHR_55_R 0.05 0.11 11.06 0.18 58.02 0.00 
CHR_56 0.11 0.13 6.21 0.06 63.42 2.89 
CHR_57_C 0.18 0.03 8.53 0.11 60.14 0.00 
CHR_61_M-C 0.00 0.06 6.72 0.13 60.56 0.25 
CHR_62_C 0.00 0.09 10.24 0.11 57.50 0.71 
CHR_63_C 0.08 0.14 5.84 0.06 61.42 1.17 
CHR_64_M-C 0.00 0.05 6.43 0.14 62.98 0.28 

















0.00 0.11 10.56 0.17 60.64 1.39 
0.05 0.13 10.49 0.15 60.10 0.90 
0.03 0.11 9.77 0.16 57.71 0.00 
0.04 0.14 10.64 0.17 60.50 2.48 
0.00 0.23 10. 73 0.15 57 .62 0.00 
0.03 0.49 12.28 0.17 54.66 3.68 
0.00 0.45 12.29 0.17 54.23 0.00 
0.00 0.56 7.78 0.26 58.42 0.00 
0.10 0.04 7.49 0.14 61.88 0.00 
0.00 0.12 14.08 0.20 54.25 0.00 
0.11 0.15 7.85 0.05 61.40 0.00 
0.03 0.35 6.83 0.11 59.96 0.00 
0.00 0.12 10.43 0.09 61.36 1.32 
0.05 0.16 11.17 0.14 59.07 2.34 
0.04 0.27 8.75 0.14 59.61 3.42 
0.03 0.14 9.92 0.1 60.04 2.95 
15.10 17.11 0.29 0.10 0.05 11.61 0.00 
24.79 25.24 0.64 0.10 0.26 4.21 0.00 
25.74 25.98 0.67 0.09 0.43 3.41 0.00 
27.73 28.07 0.79 0.06 1.19 1.77 0.00 
20.71 21.25 0.33 0.10 0.16 9.42 0.00 
29.47 29.47 0.72 0.09 2.32 1.70 0.00 
22.60 24.44 0.43 0.09 0.08 7.10 0.00 
27.74 27.89 0.70 0.09 1.39 3.02 0.00 
23.31 25.18 0.40 0.11 0.27 7.29 0.01 
24.49 24.49 0.88 0.04 0.83 3.11 0.00 
19.45 20.59 0.36 0.10 0.11 9.15 0.00 
25.40 25.40 0.71 0.11 1.29 2.66 0.00 
13.35 15.95 0.22 0.14 0.04 12.59 0.00 
25.39 25.39 0.72 0.07 1.39 3.66 0.00 
27.51 27.73 0.84 0.08 0.76 2.55 0.00 
26.23 26.87 0.61 0.08 0.28 4.35 0.00 
26.42 27.47 0.68 0.09 0.12 3.84 0.00 
22.19 22.44 0.53 0.06 0.08 6.58 0.00 
23.13 24.12 0.54 0.05 0.10 6.11 0.00 
14.56 15.81 0.21 0.11 0.04 12.40 0.00 
17.70 18.50 0.33 0.10 0.09 10.34 0.00 
29.51 29.51 0.77 0.10 0.81 1.54 0.00 
12.45 14.68 0.18 0.10 0.06 13.95 0.00 
26.23 26.23 0.66 0.08 1.42 3.16 0.00 
19.72 23.03 0.34 0.10 0.08 9.51 0.00 
29.03 29.03 0.60 0.10 0.38 2.68 0.01 
29.93 29.93 0.81 0.06 0.95 0.58 0.00 
23.93 23.93 0.79 0.10 0.78 3.18 0.00 
24.17 24.17 0.49 0.07 0.27 5.99 0.00 
23.29 23.29 0.57 0.09 0.15 5.66 0.00 
29.75 29.75 1.00 0.07 0.86 0.70 0.00 
13.14 14.33 0.21 0.09 0.06 13.30 0.00 
12.86 14.97 0.19 0.10 0.05 13.53 0.00 
16.12 19.20 0.21 0.11 0.07 11.24 0.00 
10.1 12.7 0.1 0.2 0.1 15 0 
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Table 6.4 continued 
Sample# Total Mg# Cr# Fe2+# Fe3+/IF'e MgO/ZnO 
CHR_39_M 98.79 52.2 83.9 47.8 0.07 160 
CHR_39_R 99.42 57.8 83.4 42.2 0.12 222 
CHR_40_C 97.43 23.2 89.9 76.8 0.02 16 
CHR._40_M 97.32 19.1 90.1 80.9 0.01 8 
CHR_40_R 98.04 10.2 89.6 89.8 0.01 1 
CHR_42 101.65 44.8 63.7 55.2 0.03 60 
CHR_42_R 102.72 9.3 62.8 90.7 0.00 1 
CHR_46_C 100.73 35.9 80.5 64.1 0.08 86 
CHR_46_R 100.84 16.3 76.8 83.7 0.01 2 
CHR_47_C 101.65 35.8 69.0 64.2 0.07 27 
CHR_54_C 98.70 18.5 91.2 81.5 0.00 4 
CHR_55_C 100.58 45.6 78.6 54.4 0.06 83 
CHR_55_R 99.57 15.7 77.9 84.3 0.00 2 
CHR_56 99.16 62.7 87.3 37.3 0.16 317 
CHR_57_C 100.22 20.4 82.5 79.6 0.00 3 
CHR_61_M-C 99.44 14.2 85.8 85.8 0.01 3 
CHR_62_C 100.20 22.8 79.0 77.2 0.02 16 
CHR_63_C 99.86 20.6 87.6 79.4 0.04 32 
CHR_64_M-C 99.32 34.6 86.8 65.4 0.01 80 
CHR_65_C 99.84 32.0 86.0 68.0 0.04 63 
CHR_7l_C 100.19 60.3 79.4 39.7 0.08 353 
CHR_71_M 100.36 51.0 79.4 49.0 0.04 120 
CHR_7l_R 100.52 8.5 79.8 91.5 0.00 2 
CHR_73_C 100.69 66.6 79.2 33.4 0.15 252 
CHR_73_R 100.30 17.7 78.3 82.3 0.00 2 
CHR_78_C 101.06 46.2 74.9 53.8 0.14 116 
CHR_78_R 99.93 14.1 74.7 85.9 0.00 7 
CHR_79_C 99.35 3.3 83.4 96.7 0.00 1 
CHR_80_C 98.44 19.2 84.7 80.8 0.00 4 
CHR_82_C 99.66 30.6 72.1 69.4 0.00 22 
CHR._83_C 99.32 30.2 84.0 69.8 0.00 38 
CHR_84_C 99.67 4.0 85.5 96.0 0.00 1 
CHR_85_C 100.13 64.3 79.8 35.7 0.08 235 
CHR_87 99.66 65.2 78.0 34.8 0.14 246 
CHR_88 99.98 55.4 82.0 44.6 0.16 172 
Standard 98.55 72.5 80.2 27.5 0.21 349 
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Figure 6.9 A comparison of MgO and ZnO contents for chromites from the rivers 
draining the Dachine talc schist. The location of the measurement on the grain is 
indicated by color, and given in the key on the right. "Mid" refers to a point midway 
between the core and the rim, while "sponge" refers to a grain with a spongy, 
porous texture. A negative correlation between ZnO and MgO is apparent. MgO 
content tends to be lower in rims than in cores, while ZnO is the opposite. In 
addition, grains that have a spongy, altered texture are higher in ZnO than most 
other grains. This, in addition to the low bulk ZnO content of the mantle, suggests 
that ZnO uptake is a secondary process, and may have happened during the 
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Figure 6.1 O A comparison of MgO/ZnO verses %Fe203 content. The location of the 
measurement on the grain is indicated by color, and given in the key on the right. 
"Mid" refers to a point midway between the core and the rim, while "spongy" refers 
to a grain with a spongy, porous texture. The positive correlation shown here could 
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be interpreted as showing a low f02 during metamorphism. However, it is more 
likely that the alteration formed mag-hematite, a defect spinel that will appear to 
have a low Fe203content. This effect is probably related to tropical weathering, but 
could be caused by regional metamorphism. 
6.3.2 Trace elements in Dachine chromites 
In order to learn more about the geochemical environment in which these 
chromites formed, they were analyzed for trace elements using laser ablation ICP-MS. 
These methods are given in Appendix A.6.4. The elements analyzed for were Ca, Sc, 
V, Co, Ni, Cu, Ga, Zr, Nb, Ru, Sn, Ba, Hf, Ta, and Ir. Three Zr isotopes were 
measured because of the potential for interference between zirconium, niobium, and 
chromium argides. 
Table 6.5. Trace elements in chromites from the Dachine Talc Schist, French 
Guiana. Sample numbers and letter designations are the same as in table 6.4. All 
measurements are in ppm, except Ru and Ir, which are ppb. Values for 90Zr and 91Zr 
are total Zr concentrations extrapolated from the naturally occurring abundance. 
These are listed because chromium argides in the plasma can cause interference 
with Zr measurements see A endix A.6.4. 
Sample# Ca Sc V Co Ni Cu Ga 90Zr 91Zr Nb Ru Sn Ba 
CHR_5_S 106 3.33 801 180.5 52.6 10.18 20.44 0.94 0.69 0.213 4.931 0.393 0.935 
CHR_8-3 86 20.18 1531 323.3 1075.5 0.69 6.52 31.59 30.85 2.087 7.956 0.500 0.005 
CHR_9_C 95 6.34 1020 389.1 1019.4 1.09 19.11 0.70 0.47 0.226 4.411 0.370 0.006 
CHR__lO_C 83 10.67 1171 261.8 1047.1 4.50 10.01 0.96 0.74 1.378 3.424 0.424 0.004 
CHR_12C_C 144 12.47 1358 304.0 1248.9 2.34 15.53 1.63 1.13 2.111 4.616 0.354 0.128 
CHR_29_C 93 8.57 1383 332.2 895.5 8.28 22.98 0.58 0.64 0.168 6.101 0.314 0.004 
CHR_30 
CHR_32 
220 4.02 559 299.4 722.2 7.82 14.79 0.47 0.41 0.208 11.694 0.185 0.926 
17 7.55 594 319.2 624.0 6.08 6.58 0.71 0.53 0.215 8.007 0.203 0.003 
CHR_34_C 61 9.57 857 244.5 1299.8 1.06 26.68 0.43 0.39 0.175 10.437 0.260 0.006 
CHR_39_C 57 8.63 545 259.5 1017.4 5.99 11.44 1.15 1.09 0.177 3.391 0.223 0.028 
CHR_ 42 90 6.83 1156 340.4 1204.4 6.46 25.35 0.31 0.23 0.173 2.977 0.255 0.006 
CHR_55_C 15 6.87 1363 340.8 966.8 13.82 18.31 0.35 0.30 0.169 2.671 0.238 0 
CHR_56 92 15.06 406 270.7 1349.1 6.21 12.90 3.73 3.76 1.282 2.514 0.259 1.263 
CHR_64_M 71 5.76 962 345.7 799.8 7.77 13.78 0.36 0.26 0.198 4.639 0.252 0.007 
CHR_71_C 141 9.17 1167 317.2 974.3 6.35 17.41 0.18 0.05 0.172 1.770 0.209 0.004 
CHR_73_C 116 6.32 1125 328.8 917.8 9.31 20.66 0.92 0.96 0.141 2.394 0.457 0.005 
CHR_78_C 131 10.78 1170 321.3 1110.4 0.39 33.52 0.52 0.62 0.231 4.073 0.296 0.074 
CHR_82_C 92 5.05 1346 385.0 1155.1 1.82 20.29 1.21 1.27 0.174 5.057 0.564 0.187 
CHR_83_C 68 8.26 323 231.6 843.2 4.82 9.78 1.48 1.65 0.418 4.660 0.232 0 




84 10.12 974 279.3 1019.6 6.31 20.74 0.12 0.12 0.184 1.418 0.149 0.007 
137 9.45 941 377.5 1130.3 25.42 26.87 0.43 0.33 0.188 6.187 0.292 1.926 
103 8.49 851 311.0 974.5 12.14 20.73 0.24 0.21 0.171 3.214 0.199 0.646 
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6.3.2.1 Description of trace elemental compositions 
The results from the 22 chromites analyzed are given in table 6.5. In addition, 
an estimate of the equilibration temperature was made with the Ni-Co geothermometer 
of Denny (1998). The results were all between 700 and 1250 °C, with the low 
temperature coming from the highly altered sample CHR_5. These temperatures are 
too cool to be crystallization temperatures for a magma as Mg-rich as the Dachine talc 
schist, so this and their wide range suggests that the geothermometer either records a 
cooling temperature or else was reset by metamorphism. The rapid diffusion rate of 
Co and Ni in spinel makes it unlikely that a high crystallization temperature would be 
retained. In order to determine the source of these chromites, selected trace element 
compositions were plotted on two discrimination diagrams explained below. 
Table 6.5 continued 
Sample# Hf Ta Ir MgO/ZnO T(Ni-Co)°C T(Ni-Co)°C.2 
CHR_5_S 0.032 0.065 1.889 0 744 
CHR_8-3 1.329 0.343 0.000 23 1127 1125 
CHR_9_C 0.037 0.004 2.272 83 1000 1058 
CHR_lO_C 0.022 0.147 0.000 244 
CHR_12C_C 0.037 0.263 1.778 211 
CHR_29_C 0.032 0.005 1.404 134 
CHR_30 0.026 0.004 1.170 27 
CHR_32 0.028 0.004 0.000 2 
CHR_34_C 0.015 0.003 0.000 379 
CHR_39_C 0.068 0.002 1.312 277 
CHR_ 42 0.031 0.005 0.000 60 
CHR_55_C 0.026 0.003 2.322 83 
CHR_56 0.066 0.144 0.000 317 
CHR_64_M 0.020 0.003 1.682 80 
CHR_71_C 0.010 0.000 5.202 353 
CHR_73_C 0.059 0.004 1.853 252 
CHR_78_C 0.029 0.004 9.044 116 
CHR_82_C 0.044 0.007 0.000 22 
CHR_83_C 0.066 0.049 0.000 38 




0.014 0.003 0.000 246 
0.015 0.003 6.059 172 







































6.3.2.2 Determination of chromite source using trace element discrimination 
The chromite compositions measured with WDS and laser-ICP-MS are plotted 
on discrimination plots first introduced by Denny (1998). These plots were introduced 
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to identify chromites typical of diamondiferous mantle for use in diamond prospecting. 
The first plot compares the Nb content versus the chromium number 
(lOOxCr/(Cr+Al)). The Nb content of a chromite is dependent on the metasomatic 
enrichment of the mantle or melt from which it was derived. Because niobium is an 
incompatible element, in the case of igneous magmas, it should be inversely related to 
the melt fraction and the amount of previous depletion. 
The Cr# is mostly a measure of previous melting of the mantle in the pressure 
range where spinel is the stable aluminous phase, because chromium is more 
compatible in spinel than aluminium. When chromite Nb contents and Cr# of known 
chromites are plotted, well defined fields for various magma types become apparent 
(figure 6.11 ). The most obvious of these are the komatiite field, the boninite field, the 
Diamond Indicator field, and to a lesser extent, the ultramafic complex field (Denny, 
1998). The 25 Dachine diamonds that were analyzed for trace elements (including Nb) 
were plotted on this discrimination plot (figure 6.12). 
As is shown in figure 6.12, 5 of these chromites, or 25%, belong to the 
diamond indicator field. These are chromites in which Cr# are variable but generally 
low, indicating varying amounts of previous depletion in their host magma. They also 
have high and variable Nb contents, which are assumed to be caused by metasomatism 
While it is suggested that the Dachine talc schist was not originally a kimberlite 
(Capdevila et al., 1999), these chromites suggest that mantle metasomatism occurred 
prior to eruption. However, the Nb contents of these chromites plot in the low-to-
moderate Nb section of the Diamond Indicator field, and are not as high as that of 
many diamond indicator chromites (compare figure 6.12 with the samples of figure 
6.11). 
With the exception of the highly altered grains, the rest of the Dachine 
chromites plot in the magmatic array figure 6.12. Although they generally do not fall 
in a well defined area, they are more Al-rich than the extremely depleted boninite field 
and more Nb rich than the high-melt fraction komatiites. 
There are three main groups of chomites that have similar Nb contents and Cr# 
as the Dachine chromites. These are metamorphic chromites of uncertain affiliation 
(Denny, 1998), chromites from ultramafic complexes, and chromites from shoshonitic 
magmatic rocks. If the Dachine chromites are similar to the metamorphic chromites 
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due to greenschist facies metamorphism, then their Cr# and Nb ratios tell us nothing 
about their original host rock. If, however, these compositions are not altered, which 
is plausible for those with high MgO/ZnO, then an ultramafic complex or shoshonitic 
origin is compatible with the compositions of these chromites. 
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Figure 6.11 A plot of Nb content vs. Cr# (Cr/Cr+AI) in chromites from a variety of 
sources. This figure, from (Denny, 1998), shows that different rock types plot in 
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Figure 6.12 The Dachine chromite trace elemental composition, plotted on the Nb 
content vs. Cr# plot. Different symbols indicate the MgO/ZnO ratio, which is used 
as an indicator of alteration. This figure shows that about 10% of these grains plot 
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in the kimberlite area of the figure, while the rest are more Nb rich than komatiite 
chromites, and plot close to shoshonites, metamorphic chromites, and chromites 
from ultramafic complexes. 
The second discrimination plot from Denny (1998) is the Ga/Nb ratio versus 
the CoN ratio. Based on the analyses of chromites of known provenance, it is useful 
for discriminating between kimberlitic/lamproitic chromites and those from other 
sources (figure 6.13). Once again, metasomatized mantle chromites plot in the high 
Nb (low Ga/Nb ratio) part of the field, while igneous chromites of various affinities 
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Figure 6.13 A plot of Ga/Nb vs. CoN for various chromites. From Denny (1998). 
This diagram clearly distinguishes kimberlitic and komatiitic chromites from other 
chromites. 
The Dachine chromites once again have a small sub-population in the Diamond 
Indicator field (figure 6.14 ), suggesting that 3 of these grains are xenocrysts from 
metasomatized mantle. The rest of them plot in the central area, where they are once 
again associated with shoshonites, Ultramafic complexes, and metamorphic grains. 
Like the Nb vs. Cr # plot, this plot has a field for komatiites, and none of the Dachine 
diamonds plot in that field. 
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6.4 Interpretation 
It is unlikely that the protolith for the Dachine talc schist was a pyroclastic 
komatiite, as has been previously hypothesized (Capdevila et al., 1999). The diamond 
aggregation state does not allow for residence in a high temperature magma for more 
than a few hours. The chromites are not as Nb depleted as those of komatiites, 
suggesting that if the Dachine talc schist was a mantle melt, the melting fraction was 
smaller than that of a komatiite. This being the case, the constrains from the chromite 
and diamond studies are summarized below, and applied to various possible protoliths 
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Figure 6.14 Trace elemental composition of Dachine chromites plotted on a Ga/Nb 
vs. CoN plot. Different symbols indicate the MgO/ZnO ratio, which is used as an 
indicator of alteration. This plot shows that once again, some of the Dachine 
chromites plot in the kimberlitic field. Most, however, plot away from the kimberlites 
and komatiites, and close to shoshonites, ultramafic complexes, and metamorphic 
chromites. 
The carbon isotopic composition of the Dachine diamonds is lighter than most 
mantle derived diamonds, and the peak is similar to the value for modern organic 
carbon. The nitrogen content of these diamonds is low, with most of them having 
nitrogen that is detectable by FfIR. The nitrogen content of the few diamonds that do 
contain nitrogen is a Type Ib-IaA mix, with a considerable lb component. This 
unaggregated nitrogen means that the Dachine diamonds have a limited thermal 
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history. They can not have been at typical lithospheric mantle temperatures for more 
than a few tens of thousands of years, and any magma that entrained them cannot have 
been hotter than 1500 °C, unless it had an unusually fast eruption time. 
The chromite chemistry also suggests that 10-25% of the chromites are derived 
from mantle xenoliths. The rest have moderate Nb contents and slightly refractory 
Cr#'s. A comparison with chromites of known compositions shows that these 
characteristics are found in chromites from metamorphosed rocks, ultramafic 
complexes, and shoshonites. These possibilities are discussed below. 
6.4. 1 Discussion of possible protoliths 
Although the trace element composition of most of the Dachine chromites is 
consistent with an alpine-type ultramafic complex, the presence of Nb-enriched 
metasomatized chromites (figure 6.12) in an ultramafic complex is difficult to explain. 
Also, the field relationships between the Dachine talc schist and the surrounding 
supracrustal rocks suggest that this is unlikely, as there is no evidence for tectonic 
transport or high temperature regional or contact metamorphism in these rocks (Bailey 
et al., 1998). 
The chromite trace element geochemistry is compatible with the 'metamorphic' 
chromites from Denny (1998). The possibility that the greenschist grade regional 
Trans-Amazonian metamorphism controls the chromite chemistry should be 
considered. The amount of low temperature alteration in the chromites was estimated 
using the MgO/ZnO ratio. With the exception of cobalt, all of the elements used in the 
trace element discrimination diagrams are high charge, immobile elements, and should 
diffuse more slowly than magnesium or zinc. Therefore, those grains that retain their 
mantle Mg should also have reasonably unaltered Al, Cr, Ga, V, and Nb contents. 
Thus the discrimination diagrams should be robust for those grains which have not 
suffered much Mg loss or Zn gain. 
The non-metamorphic textural features of the Dachine talc schist suggest a 
volcanic protolith (Bailey et al., 1998; Capdevila et al., 1999). However, the lack of 
extreme enrichment in incompatible elements (Capdevila et al., 1999) suggests that the 
magma was not a kimberlite. The nitrogen aggregation and chromite chemistry work 
presented in this chapter suggest that the magma was not a komatiite. Thus other 
volcanic rocks should be considered as possible protoliths to the talc schist. Due to 
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the presence of mantle xenoliths (including diamonds) in the Dachine heavy mineral 
separation, this volcanic rock must consist of a mantle-derived magma with a deep 
source of melting. However, the presence of xenoliths also means that the bulk 
composition of the Dachine talc schist is unlikely to be a liquid composition. 
6.4.1.1 Effect of xenoliths on bulk composition 
The Dachine talc schist bulk composition is the composition of melt plus 
xenoliths. A 'worst case' melt plus crystal accumulation composition has been 
estimated, using the following end-member assumptions. First, it was assumed that 
10% of the rock consisted of mantle olivine. Second, it was assumed that all of the 
chromium in the melt crystallized to form chromite, and that the ratio of mantle 
chromite to igneous chromite in the bulk rock was similar to that determined by the 
trace element discrimination techniques used in section 6.3. This ratio would mean 
that 16% of the chromites were xenocrystal. The resulting 'melt' composition is 
presented in table 6.6. It is important to emphasize that this is only an estimate of the 
xenolith entrainment. 
The actual melt composition is probably somewhere between this and the 
average of the compositions given by Capdevila et al. (1999). There is no way to 
determine the actual xenolith content, as the primary silicate minerals have all been 
destroyed by metamorphism. Despite the difficulties in determining exactly what kind 
of magma this was, there are reasons to suspect that the most likely magma type is a 
primitive, picritic, possibly shoshonitic arc-related magma. 
A picritic high-K or shoshonitic arc magma (hereafter referred to as 'picritic 
shoshonite'), is consistent with the tectonic setting. More evolved (Mg0=4-5%) 
shoshonites have been identified in calc-alkaline sequences of central French Guiana 
(Vanderhaeghe et al., 1998) which are correlated with the calc-alkaline rocks in which 
the Dachine talc schist is found (Gruau et al., 1985). Because shoshonite magmas are 
hydrous, lower temperatures are required to generate the melt, allowing the diamonds 
to be transported to the surface without the nitrogen aggregating more than is 
observed in the Dachine diamonds. At 1400°C, the nitrogen in the Dachine diamonds 
will take up to a year or two to reach its current aggregation state, instead of the hours 
to minutes allowed at komatiite temperatures. Transport in a magma with a high 
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H20/C02 ratio has been is also suggested as the cause of resorbtion features that are 
common in Dachine diamonds (McCandless et al., 1999). 
If the Dachine talc schist protolith was a picritic shoshonite, it would not be the 
first diamondiferous alkaline silicate magma of this kind identified. The Akluilak Dike, 
of the Gibson Lake area, NW territories, Canada is also diamondiferous (McRae et al., 
1995). Although that dike is a more evolved magma, and its tectonic setting is post-
tectonic, this 1832 ± 28 Ma intrusion shows that diamonds could be erupted to the 
surface in non-cratonic settings during the middle Proterozoic. Interestingly, both of 
these eruptions predate the earliest known diamondiferous kimberlite, which is the 1.7 
Ga Guaniamo kimberlite of Venezuela (Nixon, 1995). 
Table 6.6 Comparison of bulk compositions of various possible volcanic protoliths 
for the Dachine talc schist. Oxides listed as weight percent, trace elements as ppm. 
All iron is reported as Fe20a. Barberton komatiite values are from Smith et al. (1980) 
and Parman et al. (1997). Dachine is an average from Capdevila et al. (1999). 
Dachine - xenocrysts is the Dachine composition minus 10% mantle olivine and 
16% chromium (the percent of chromites studied that are xenocrystal). Shoshonite 
is average of the picritic shoshonites of the Gawler craton, South Australia, from 
Ta lor 1998. Anh drous values, normalized to 100%, in table 6.7. 
Sample Barberton Barberton Dachine Dachine Shoshonite 
(Smith) (Parman) (Capdivilla) -xenocrysts (Taylor) 
Si02 47.98 49.1 44.5 45.4 47.1 
Ti02 0.4 0.41 0.65 0.72 0.54 
Ab03 4.32 4.65 6.3 7 8.6 
Fe203 13.03 12.65 10.8 10.9 9.2 
MgO 25.65 23.2 20.9 18.1 22.2 
Cao 8.72 10.2 5 5.6 5.2 
Na20 0.21 0.28 0.8 0.89 0.6 
K20 0.03 0.03 1 1.1 3.4 
P20s 0.02 0.2 0.22 0.3 
LOI 5.12 9 9 3.5 
Cr 2530 2530 1945 1634 1505 
Ni 1179 1258 897 497 693 
Sr 33 236 260 365 
Ba 4.8 242 266 989 
Nb 2.4 3 3 5 
Zr 29.7 52 57 91 
y 9.3 10 11 13 
6.4.1.2 Constraints on diamondiferous arc magmas 
Despite isolated occurrences of rare diamondiferous magmas such as the 
Akluilak Dike, diamondiferous volcanoes are practically unknown in modern arcs. 
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There are two reasons for this. The first is that arc magmas are usually oxidized, with 
an f02 generally 1-3 log units above FMQ (Eggins, 1993). Elemental carbon oxidizes 
to form C02 under these conditions. The second problem is that for diamonds to be 
erupted in a subduction zone setting, mantle melting must occur in the diamond 
stability field. Otherwise, the diamonds in the mantle would remain in there as 
metasomatizing fluids percolated upwards to lower pressures where melting can occur. 
In most arcs, even if the mantle wedge is hot, melting occurs at less than 4 GPa 
(Tatsumi and Eggins, 1995). 
Table 6.7: The compositions in table 6.6, normalized to 100% anhydrous 
com ositions. 
Sample Barberton Barberton Dachine Dachine Shoshonite 
(Smith) (Parman) (Capdivilla) -xenocrysts (Taylor) 
Si02 47.98 49.1 49.35 50.4 48.56 
Ti02 0.4 0.41 0.72 0.8 0.56 
A1203 4.32 4.65 6.99 7.76 8.87 
Fe203 13.03 12.65 11.98 12.1 9.49 
MgO 25.65 23.2 23.18 20.1 22.89 
Cao 8.72 10.2 5.55 6.16 5.36 
Na20 0.21 0.28 0.89 0.99 0.62 
K10 0.03 0.03 1.11 1.2 3.51 
P20s 0.02 0.22 0.25 0.31 
Cr 2530 2530 2005 1684 1552 
Ni 1179 1258 925 553 714 
Sr 33 243.316 251 376 
Ba 4.8 250 257 1020 
Nb 2.4 3 3 5 
Zr 29.7 54 55 94 
y 9.3 10 11 13 
Temperatures as high as 1400°C have been modeled for the mantle wedge 
beneath Japan (Furukawa, 1993), but most arc magmas show no evidence of deep 
melting or high MgO melts. This suggests that if the Dachine is a high MgO arc 
magma, it must have been unusually wet, or else come from an anomalously hot mantle 
wedge. 
It is possible that the mantle wedge was unusually hot. This is because less 
than 60 million years before the arc-related rocks with which the Dachine is associated 
erupted, the Guiana shield greenstone terrain that underlies them was erupted as 
seafloor-type tholeiites, with occasional possible komatiitic volcanism (V anderhaeghe 
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et al., 1998). This suggests that some form of mantle upwelling was occurring in the 
area shortly before subduction began, so the mantle beneath these rocks could still 
have been warm when the Dachine protolith erupted. Experimental melts produced in 
the phlogopite-diopside system at 1550°C and 7.5 GPa have similar bulk compositions 
to the Dachine talc schist (Luth, 1997). However, such high temperatures are not 
consistent with the cubiod morphology common among Dachine diamonds 
(McCandless et al., 1999). These forms suggest that the diamonds crystallized at 
temperatures closer to 1000-1100°C (Sunagawa, 1984). This is also the temperature 
given by the spinel Ni-Co trace element geothermometer. 
The presence of water significantly lowers the solidus of peridotite (Foden and 
Green, 1992; Green,- 1973). In Vanuatu, picritic arc magmas with a primitive MgO 
content of -15% melt are generated at temperatures of only 1350°C, because of the 
presence of 1 or 2% water. However, these are generated at pressures of about 3 
GPa, far above the 200 km (6 GPa) Benioff zone underneath that arc (Eggins, 1993). 
Unfortunately, no 20% MgO primitive arc magmas have been reported. Although the 
nominally anhydrous 18-20% MgO precursor melt for Hawaiian picrites forms at 5-6 
GPa, (Herzberg and O'Hara, 1998) extrapolating from dry decompression melting to 
dehydration melting is probably not very accurate. However, the H20-C02 saturated 
melting point of peridotite at 6 GPa is only about 1100°C (Ellis and Wyllie, 1980; 
Wyllie, 1980). So if large amounts of fluid can be fluxed into the mantle, deep melting 
could occur. 
In an arc setting, high K magmas are generally erupted above where the mantle 
portion of downgoing slab is at a pressure of 6 GPa, the stability limit for phlogopite in 
the downgoing slab (Tatsumi and Eggins, 1995). Subducted basalt and sediment can 
also contain hydrated minerals such as lawsonite and phengite, which would dehydrate 
at similar pressures (Hermann and Green, 2001). However, if subduction in the early 
Proterozoic was faster than at present (Campbell and Griffiths, 1992), and the slab 
surface could be transported to depth more rapidly, then antigorite could also be 
present in the mantle part of the slab (Hermann and Green, 2001). Due to the high 
water content of serpentine, this could potentially increase the available water at 6 
GPa. A cartoon diagram of fluid rich melting at 1100°C is shown in figure 6.15. 
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For diamond xenocrysts to be erupted in a magma, they must exist in the 
mantle which the magma samples during eruption. The principal methods 
hypothesized for diamond formation the mantle involve redox reactions between a fluid 
and the mantle (Haggerty, 1986). If such a reaction precipitates carbon at 6 GPa, then 
as long as the mantle temperature is less than 1600°C (Kennedy and Kennedy, 1976), 
the carbon would be precipitated as diamond, not graphite. 
However, carbon precipitation is only possible at relatively low f02, such as 
one log unit below FMQ. Arc magmas are generally 1 to 3 log units above FMQ 
(Eggins, 1993). One explanation is that the resorbtion features described by 
McCandless et al. (1999) are caused by oxidation. However, this would not allow the 
diamonds to crystallize, since the oxygen fugacity of arc magmas is believed to reflect 










Figure 6.15 Cartoon diag_ram of subduction zone magmatism. Temperature 
contours are from Davies and Stevenson (1992). A 'standard' near-trench volcano 
is shown along with the hypothetical Dachine protolith volcano. In the Dachine 
setting, is shown to occur at 11 oo-1200°c, which is the fluid-saturated liquidus 
determined by experimental and theoretical studies (Ellis and Wyllie, 1980; Wyllie, 
1980). For fluids coming off of a slab at 200 km depth, melting would occur in the 
diamond stability field in a fluid saturated mantle. The pink diamond-graphite 
transition line is calculated using the equation from Kennedy and Kennedy (1976). 
The green vapor line is the maximum pressure at which a fluid is in equilibrium with 
olivine. At pressures greater than approximately 9 GPa, Olivine reacts with the 
vapor phase to form Opx plus Brucite and Magnesite (Ellis and Wyllie, 1980). This 
acts as a lower limit on slab dehydration. 
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Another possibility is that the magmas were not oxidizing. If modern day 
subduction magmas are oxidizing because the fluid leaving the downgoing slab are also 
oxidizing (Wood, 1991 ), then the subduction of a reduced slab would not result in 
oxidized magmas. A reduced slab could be caused by the subduction of large amounts 
of organic matter, such as the 2.0 Ga shungite deposit of Karella (Buseck et al., 1997; 
Melezhik et al., 1999). A reduced slab is necessary for producing CH4 bearing fluids 
from which diamond can precipitate. The carbon isotopic record from carbonates 
worldwide suggest that the early Proterozoic was a time during which huge amounts 
of organic carbon were removed from the ocean-atmosphere system (Knoll and 
Canfield, 1998). Some of this carbon could easily have been subducted. 
This would explain the isotopically light composition of the Dachine diamonds, 
as the carbon isotopic composition of the Dachine diamonds peaks at the value for 
organic carbon. However, the carbon isotopic composition of some of the Dachine 
diamonds also ranges up to the mantle composition. This is consistent with variable 
amounts of mixing between mantle and supracrustal sources. A subduction zone is an 
ideal place for such mixing to occur. The short mantle residence time inferred from the 
nitrogen aggregation state of the Dachine diamonds is not inconsistent with the 
diamonds forming from the same fluids that induced partial melting in the mantle slab. 
It is also the most consistent with the regional geology, which shows that the Dachine 
talc schist appears to be part of a volcanic arc sequence (Capdevila et al., 1999; Gruau 
et al., 1985; Vanderhaeghe et al., 1998). 
The scenario outlined above is by no means a comprehensive or unique 
explanation of the genesis of the Dachine talc schist or the diamond it contains, but it 
does illustrate that the generation of diamonds and their transport to the surface in a 
subduction-related magma is compatible with theory and geochemical observations. 
6.4.2 Relation of Dachine diamonds to carbonado 
6 .. 4.2.1 Similarities between carbonado and Dachine diamonds 
Carbonado has many similarities to the diamonds of the Dachine, and many of 
these were summarized in section 6.1.2. These include their eruption age (>2Ga), their 
carbon isotopic compositions, and the morphology of their euhedral diamond crystals. 
This study has also shown that both groups are low in nitrogen, with many of the 
Dachine diamonds having less than 30 ppm ofN. 
• 
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The Dachine talc schist is also useful for comparison to carbonado because it is 
an example of a diamondiferous magma that formed in a tectonically active setting, as 
opposed to the cratonic areas where diamondiferous magmas are found today. This 
means that it is possible for magmas such as the Dachine talc schist protolith to have 
erupted carbonado to the surface, as there are three major orogenic events recorded in 
the detrital zircon signature of the sediments in which carbonado is found (see chapter 
3). 
6.4.2.2 Differences between carbonado and Dachine diamonds 
However, there are many differences between carbonado and the Dachine 
diamonds, which make the Dachine diamonds an imperfect proxy for carbonado. The 
most important and obvious of these is the fact that carbonado is a polycrystalline 
diamond, while the Dachine diamonds are usually single crystals. Similarly, while 
carbonado stones can be over 100 grams, the individual Dachine diamonds are 
generally very small, with few stones in excess of 100 mg known. The Dachine 
diamonds also lack the radiation damage features, association with rare earth 
phosphates, and the other post formational features of carbonado that are described in 
chapter 2. 
Another important difference between the Dachine diamonds and carbonado is 
the nitrogen aggregation state. Dachine diamonds show significant amounts of type lb, 
unaggregated nitrogen, which requires them to have been at mantle temperatures for 
less than a million years (figure 6.5). In contrast, the large, euhedral diamond crystals 
in carbonado are type IaA. This suggests that carbonados were at temperatures 
greater than 900 degrees longer than the Dachine diamonds. Alternatively, they may 
have more nitrogen aggregation because they have been deformed more, but the low 
dislocation density (De et al., 1998) and the euhedral form of many of the 
microdiamonds in carbonado suggest that they were not subject to high degrees of 
deformation. 
In short, while there are compositional similarities between carbonado and 
Dachine diamonds, they have different structural characteristics. One explanation for 
this is that they formed in similar environments, but had different subsequent histories 
before returning to the surface. This hypothesis is used to construct a possible model 
for c.arbonado formation in chapter 7. 
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Chapter 7: Conclusions & Suggestions for further study 
This thesis is by no means a definitive study of carbonado. However, it does 
contain enough breadth for a tentative history of carbonado to be constructed. 
Although some parts of this history are somewhat speculative, presenting it is useful, 
as it gives a framework for relating different aspects of carbonado research and 
provides direction for future research. This history, and the evidence on which it is 
based, is presented below. It is followed by suggestions for future work, most of 
which suggests verifying some of the tentative results obtained during this research 
project. 
7.1 A proposed history for carbonado 
7. 1. 1 Formation from subducted carbon 
Chapter 5 of this thesis confirms the results of many previous studies of the 
carbon isotopic composition of carbonado (figure 1. 7) which has been shown to be 
lighter than virtually all mantle-derived diamonds (De et al., 2001; Kamioka et al., 
1996; Orlov, 1973; Shelkov et al., 1997), and is similar to that of modem organic 
carbon and early Proterozoic and Archean biogenic carbonaceous deposits (Buick et 
al., 1998; Buseck et al., 1997). The nitrogen isotopic composition is similar to that of 
mantle-derived polycrystalline diamonds and impact diamonds, and the nitrogen 
content is generally less than 100 ppm (Shelkov et al., 1997). This study has shown 
that approximately one third of carbonados contain euhedral microdiamonds, and that 
these microdiamonds often have cuboid morphologies, indicating a relatively low 
temperature genesis. Low temperature, high pressure environments are characteristic 
of subduction zone settings, and subduction zones are the only place in the modem 
tectonic environment where surficial organic carbon can be transported into the 
mantle to depths where diamond is stable. 
Chapter 6 shows that the diamonds found in the Dachine talc schist have 
many morphological and chemical similarities to the monocrystals found in 
carbonado. The Dachine talc schist is a metamorphosed volcanic rock that is found in 
an inferred subduction zone setting, consistent with the geologic setting and the 
geochemistry of the xenoliths it contains. If the Dachine diamonds are valid natural 
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analogues for carbonado diamonds, then they further support carbonado genesis in a 
convergent margin setting. 
7. 1.2 Mantle residence and deformation 
Although the euhedral microdiamonds are interesting, and have been a focus 
of many recent carbonado studies (De et al., 1998; De et al., 2001; Shelkov et al., 
1997), chapter 4 shows that two thirds of the carbonados studied do not contain such 
diamonds, but consist entirely of anhedral diamond matrix. Any theory of carbonado 
genesis must account for this observation. Once the euhedral microdiamonds found in 
some carbonado crystallized, there are two possibilities for how carbonado could have 
obtained its present microtexture. The first is that the matrix diamond later nucleated 
and grew between the pre-existing diamonds as part of a two stage growth process. 
The all-matrix carbonados would then be examples of where this occurred without 
pre-existing diamonds. The second possibility is that euhedral microdiamonds were 
concentrated and subjected to variable amounts of deformation, which recrystallized 
some or all of these diamonds. 
The two stage growth possibility is most likely from the compositional point 
of view. In chapter 5 and in other recent work it has been suggested that the euhedral 
monocrystals may be 1-3 %% isotopically lighter than the matrix (De et al., 2001). 
The same studies indicate that the monocrystals have less nitrogen, although earlier 
FTIR studies suggest that the opposite may be the case (Shelkov et al., 1997). If the 
matrix is caused by deforming and recrystallizing aggregated monocrystalline 
diamonds, then it should have the same carbon isotopic composition. It should also 
have less nitrogen, as type II diamond plastically deforms more easily than diamond 
with ahigh N content (Weidner et al., 1994; Wild et al., 1967; Yagi et al., 2001). 
The microstructure of carbonado is more suggestive of deformation. The 
irregular grain boundaries do not have equilibrium crystal shapes, and when combined 
with TEM studies that show sub-grain rotation and grain-grain bonding (Chen and 
Van Tendeloo, 1999; De et al., 1998), this suggests that these materials have 
undergone plastic deformation. If the matrix is deformed, recrystallized diamond, 
then this would explain why it has a much higher dislocation density (De et al., 1998) 
than the euhedral monocrystals. Such deformation would also explain the extremely 
low residual elastic strain in carbonado, as the major crystal defects that cause this 
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strain would anneal out. The lack of elastic strain demonstrated in chapter 4 can also 
be used to disprove the meteoritic, impact, and CVD hypotheses of formation, as all of 
these processes create diamond that contains considerable strain. This strain can only 
anneal out of the diamonds if they reside within the diamond stability field. In 
addition, some carbonados have elongated pores (Trueb and de Wys, 1971), which 
could indicate deformation. However, if the matrix is richer in nitrogen than the 
euhedral microdiamonds (De et al., 2001), it is hard to explain how that matrix would 
deform while the microdiamonds remained deformation-free. Further study of the 
correlation between C and N variation and CL and textural features is required. 
7. 1.3 Eruption to surface 
After residence in the mantle for an indeterminate period of time, carbonado 
was eventually brought to the surface. The residence time in the mantle is unknown, 
but it must have been at least several million years, as the few successful FTIR 
experiments on carbonado show that some of the euhedral monocrystals in carbonado 
are type IaA diamond (Shelkov et al., 1997). 
The method by which carbonado was brought to the surface is unclear, as is 
the location where this occurred. However, a kimberlitic or lamproitic eruption is the 
most likely explanation. This is because the placer deposits that contain carbonado 
also contain monocrystalline gem-type diamonds, and chromian minerals such as 
fuchsite (Sampaia et al., 1994). 
A search for metamorphic-type Al-rich rutile described in chapter 3 was 
fruitless, so no indicators of UHP metamorphism were discovered. However, a few 
Cr-rich, Nb bearing rutile grains were found, which may be derived from a 
metasomatized mantle. One of these rutiles was tentatively dated at 2933 Ma, an age 
that is in agreement with other estimates for the age of carbonado residence in the 
crust (Ozima and Tatsumoto, 1997; Yokochi et al., 2000). It is also consistent with 
the detrital zircon ages from carbonado-bearing rivers. 
Chapter 3 shows at these detrital zircon ages correspond to the major crust-
forming and orogenic events of the eastern Sao Francisco craton. These include a 
dominant Trans-amazonian peak of 2.2-2.0 Ga, a late Archean 2.8-2.5 Ga period, and 
an early 3.2-3.6 Ga period. It is interesting that the tentative kimberlite eruption age 
of 2.95 Ga from Cr-rutile coincides with a period of minimal granitic melt production 
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in the area where carbonado was emplaced. The presence of detrital zircons older 
than 2.8 Ga is consistent with previous studies of radiogenic lead in carbonado that 
show it has been in the crust since before that time (Ozima and Tatsumoto, 1997; 
Yokochi et al., 2000). This also explains the traditional garimpeiro association of 
fuchsite, which is found in the same green quartzite conglomerate cobbles that host 
the pre 3.3 Ga grains, with the diamonds that come from these sediments. 
The previous geochronological studies (Ozima and Tatsumoto, 1997; Yokochi 
et al., 2000) are consistent with the detrital zircon and rutile data presented in this 
study. All of these constraints allow the 2.93 Ga eruption of carbonado from a 
metasomatized mantle source into the tectonically quiescent 3.7-3.2 Ga core of the 
early Archean craton. 
7. 1.4 Surficial alteration 
Soon after eruption, carbonado must have had become associated with 
uranium, as shown in previous geochronological studies (Ozima and Tatsumoto, 
1997; Yokochi et al., 2000). Chapter 2 shows that this uranium association most 
likely occurred when uraniferous fluids percolating through carbonado and deposited 
U-rich phases in the pores. This probably happened through redox reactions between 
oxidized U-bearing fluids and reduced metallic pore minerals with compositions 
similar to those reported by previous studies (De et al., 1998; Koeberl et al., 1997) and 
in chapter 2 of this thesis. Once the uranium was deposited in the carbonado pores, it 
caused the radiation damage documented in this thesis, and implanted the 4He and 
radiogenic Xe and Kr isotopes that have been previously reported (Ozima et al., 
1991). The shiny, amorphous surface and pore surface textures that have been 
documented by several researchers (Haggerty, 1998; Shelkov et al., 1997) may also be 
a result of the severe radiation damage documented in this thesis. 
As the rocks hosting carbonado eroded and interacted with meteoric waters, 
the pore minerals were reoxidized and dissolved in the modern tropical weathering 
environment. In this environment, clays, quartz, florencite, and other lateritic 
minerals formed as part of the weathering process. Chapter 2 shows that the florencite 
is modern, as the Pb isotopic composition is similar to modern common lead. Finally, 
the carbonados were weathered out of their host sediments and deposited downstream 
in placer deposits, from which they were mined. 
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7.2 Possibilities for further study 
Although the history above explains most of the data currently available on 
carbonado, it is by no means complete. There are still many studies that can be done 
on carbonado to disprove or confirm the hypothesis presented above. Other research 
in related fields or supporting sciences might allow this and previous studies to be 
interpreted more precisely. And finally, some of the techniques presented here may be 
of use in solving other geological problems. 
7.2. 1 Cr isotopic constraints on non-terrestrial formation 
The hypothesis that carbonado may have originated from beyond the solar 
system has been proposed (Haggerty, 1998). The Raman data presented in chapter 4 
suggest that unlike meteoritic diamond (Miyamoto et al., 1993), carbonado has a very 
low level of elastic strain. Also, the nitrogen isotopic composition of carbonado is 
similar to that of terrestrial diamonds (Shelkov et al., 1997). However, there is one 
more test that will show whether carbonado formed in the Earth-moon system. 
As what shown in chapter 2 and by De et al. (De et al., 1998), carbonado 
contains a number of metallic inclusions, some of which are rich in Cr. One isotope 
of this element, 53Cr, is the decay product of 53Mn. 53Mn is a short lived radionuclide, 
with a half-life of 3.7 Ma. As a result, all of the Earth's 53Mn decayed in the early 
stages of planetary evolution, and the Earth-Moon system has a constant Cr isotopic 
composition. However, this composition is different than that of meteorites which 
formed in parts of the solar nebula with different bulk Mn/Cr ratios than the earth 
(Birck et al., 1999). The chromium composition of the earth is also different than that 
of the pre-solar inclusions in the Allende meteorite (Birck et al., 1999). As a result, if 
carbonado is not terrestrial, the syngenetic (De et al., 1998) chromium alloy inclusions 
should have non-terrestrial isotopic compositions. 
7.2.2 Distinguishing deformation from two stage growth 
As was described in chapter 4 and in section 7 .1.2 above, it is unclear exactly 
how carbonado developed its characteristic microtexture. In order to determine this, 
further studies are needed, both on carbonado and on the mechanical properties of 
diamond in general. 
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7.2.2.1 Microscale N and C study of microtexture 
The exact small-scale distribution of carbon isotopes, nitrogen content, and 
nitrogen isotopes must be discovered in order to understand diamond growth and 
possible deformation in carbonado. These chemical changes must then be related to 
observed textural and cathodoluminescence features in the carbonado. Specifically, 
quantitative nitrogen measurements must be done on matrix-only carbonado and on 
matrix and euhedral monocrystals in the same carbonado. These measurements must 
also be done on single diamond crystals, unless another way of preventing N 
contamination from grain boundaries can be devised. 
7.2.2.2 Rheology of diamond as a function of N content, P, T, strain rate 
Of course, the deformation mechanics of diamond will vary according to more 
than simply its nitrogen content. The pressure, temperature, strain rate, and nitrogen 
aggregation state will also effect the rheology of diamond. Currently, diamond 
deformation is very poorly understood. Studies of how diamond plastically deforms 
under varying conditions is important for determining how carbonado textures and 
microtextures can be formed. 
One problem with doing such experiments is that diamond is very strong, and 
is only stable at high pressure, so doing the experiments is technically difficult. One 
approach to overcome these difficulties might be to do experiments on an analogue 
material, such as elemental silicon or germanium, which have similar structures, but 
weaker bonding and stability fields that are more accessible. If the results of such 
studies could then be accurately extrapolated to diamond, this would give a much 
better constraint on the geologic conditions under which deforming diamonds is 
possible. 
7.2.3 Rutile indicator mineral study 
Constraints on the emplacement of carbonado into the crust are based on rutile 
detrital mineral examinations. The theory is simple. Rutile is an accessory mineral in 
many kimberlites and highly metasomatized mantle xenoliths. It is also resistant to 
weathering, so if mantle rutile can be distinguished from crustal rutile, it should be 
useful as a detrital mineral. One way do this is to look at the Cr content of the rutile, 
as Cr can readily substitute for Ti in the rutile structure, but the low Cr content of the 
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crust means that crustal rutiles generally have less than 0.2% Cr203 (Fett and Brey, 
1991). Mantle rutile can have as much as 8% Cr203 (Haggerty, 1991). 
However, this is a new and speculative method, and a number of tests need to 
be done in order to prove that it works. Some of these are listed below. 
7.2.3.1 Demonstration on samples of known provenance 
One way of testing this theory is to apply it do a sedimentary diamond deposit 
of known provenance. A good example would be the Orange River. This contains 
alluvial diamonds that have eroded from Southern Africa kimberlites (Gurney, 1989). 
According to the theory, if chromium-rich rutiles that contain enough U to date are 
detected in Orange River sediments, they should yield ages similar to known ages of 
kimberlite eruptions in the Orange River drainage (Nixon, 1995). Rutiles which have 
low Cr contents should reflect ages of rutile-forming events, such as igneous activity, 
crustal metamorphism, or hydrothermal alteration. 
7.2.3.2 Comparison of crustal rutiles and zircons 
Using the same reasoning, the Cr-poor rutiles from carbonado-bearing streams 
can be compared to the detrital zircon ages from the same streams (presented in 
chapter 3). Rutiles that are likely to have formed in pegmatites should have ages 
similar to those from zircons, as both pegmatites and zircons usually form from 
crystallization of granite or other highly evolved melts. 
7.2.3.3 Additional geochemical provenance indicators for rutile 
Although chromium should be a good indicator of mantle derived rutile, due to 
the generally low abundance of chromium in the crust, there are other possibilities for 
formation of Cr-rich rutile For example, they could be formed by the oxidation or 
metamorphism of chromite-ilmenite cumulates in layered mafic intrusions. Therefore, 
other geochemical signatures of a metasomatized mantle genesis might be useful. 
Some possibilities include the REE patterns, or the Nb/Ta ratio, which is high in 
mantle eclogites and low in the continental crust (Rudnick et al., 2000). 
7.2.3.4 Further applications of detrital rutile studies 
If the studies described above show that Cr-rich rutile found in sedimentary 
diamond deposits are correleated to ultramafic mantle volcanism, and have U-Pb ages 
that correspond to the time of metamorphism, then this technique can be applied to a 
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number of other sedimentary diamond deposits where the primary source is unknown. 
examples of these include the Copeton diamonds of NSW, and the Roraima group 
diamonds of Guyana and Venezuela. This method could also be useful for 
exploration projects in tropical areas where traditional indicator minerals are expected 
to have been destroyed by weathering. 
7.2.4 SHRIMP measurement of carbon and nitrogen isotopes 
The last major area of future work on topics discussed in this thesis relates not 
to carbonado, but to the techniques used to analyze it. The high sensitivity of the 
SHRIMP ion probe means that it should, in theory, be useful for doing in-situ carbon 
and nitrogen isotopic analyses of a variety of geologic substances. Although a 
preliminary method for doing carbon isotopes is presented in Chapter 5, a method for 
analyzing nitrogen concentrations or isotopes on SHRIMP has not yet been developed. 
Although the installation of the multicollector on SHRIMP II makes the method of 
carbon isotopic analysis described in chapter 5 impossible, recent advances in 
SHRIMP technology should be able to overcome these problems. 
The first of these is the use of a Cs+ primary ion source on SHRIMP. This has 
the potential to increase carbon yields by more than an order of magnitude, and might 
reduce the machine-induced fractionation reported in chapter 5. In addition, while the 
narrow collector slits of the multicollector were problematic for the method of carbon 
isotopic analysis described in this thesis, the use of the multicollector will potentially 
overcome source instability problems, and should help with any time-dependent 
fractionation that is observed. 
Overall, there remains much to be done, both in the area of carbonado research 
and in the analytical techniques used on it and the sediments in which it is found. The 
work presented in this thesis has led to the development of new ways of approaching 
the problem of carbonado genesis, and presents new data which further constrain the 
geologic history of carbonado diamond. The finding of this study have been 
synthesized with previous research to present a possible history for carbonado. 
Hopefully this will provide a useful framework for future research into this topic, and 
some of the techniques described in this thesis will be useful in solving other geologic 
problems. 
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Appendix A: Experimental methods 
This thesis was based on the application of ultra-hard materials technology to 
prepare polished surfaces on a carbonado population. Very few previous studies of 
carbonado have used polished surfaces. Polishing carbonado allows a number of 
different analytical techniques to be used, including reflected light microscopy, 
cathodoluminescence imaging and spectroscopy, Raman spectroscopy, electron 
microprobe EDS and WDS, photoluminescence spectroscopy, SHRIMP carbon 
isotope mass spectrometry, and laser ICP-MS. These techniques are described in this 
appendix. However, before any of these techniques can be used for analysis, the 
carbonados to be studied must be polished. 
A.1 Introduction and sample preparation 
Carbonado is notoriously tough. The random grain orientation and small grain 
size prevent cleavage fractures from propagating through carbonado, and differential 
wear results in the preservation of the hardest diamond faces (Trueb and de Wys, 
1969). At the time this research project was commenced, only one study of polished 
carbonado had been published (Fettke and Sturges, 1933). This included three 
photomicrographs, but because most modern analytical techniques were not available 
in 1933, very little other than basic textural information was discovered. However, on 
the basis of their early study, it was discovered that carbonado was porous, and that 
the toughness was a result of interlocking crystals similar to that of cryptocrystalline 
quartz. A square crystalline cross-section was also observed, which was interpreted as 
a octahedral crystal (Fettke and Sturges, 1933). Because only one sample was 
examined, it is not certain if the features observed were universal in carbonado or 
peculiarities of the one particular sample. For this reason, 21 carbonados from the 
Central African Republic (CAR) and Brazil were cut, polished, and analyzed. 
A.1. 1 Sample locations 
Due to the remoteness of the areas where carbonado is found, and the 
availability of commercial samples, most of the carbonado is this study was bought or 
given to the ANU from collectors or mining companies. Five additional carbonados 
were purchased from a garimpeiro in Len\:ois, Bahia state, Brazil. These were 
collected from Rio Cachorrinho, 4 km south of Len\:ois. Because of political violence 
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and disease epidemics in the CAR related to civil war in the neighboring Sudan and 
Democratic Republic of Congo, no field excursion to the CAR was attempted. All 
CAR stones were purchased from David New, a dealer from the United States. The 
Brazilian carbonado not purchased in Len9ois were donated by Dr. Judith Milledge of 
UCL and were reportedly acquired from RTZ (now Rio Tinto) mining. The exact 
location from which these Brazilian and the CAR stones were collected is unknown. 
A.1.2 Sample cutting and polishing 
All carbonados were laser cut to produce a flat interior surface for polishing. 
Most carbonados were cut by Argyle mines in Western Australia using an IR laser, but 
because those were done out of house, little is known of the details of the process. 
One CAR diamond was cut at RSES using the Ar F 193 nm (UV) eximer laser. This 
technique proved to be extremely effective for thin (less than 500 µm) pieces of 
carbonado, but its effectiveness rapidly decreased with increasing thickness of the 
sample. Since most carbonados are many millimeters across, was only useful for 
cutting small pieces or thin sections. 
One concern with laser cutting is heating of the diamond. This is a concern 
because many of the hydrous pore phases and diamond luminescence features are very 
sensitive to moderate or high temperatures. All of the diamond surfaces cut at RSES 
and in WA were coated with soot during the cutting progress, suggesting that they 
remained cool enough for carbon plasma created by the laser to chill on contact and 
precipitate. It is known that the temperatures of a whole carbonado grain exceed 80 
degrees when cutting with the UV laser, because the lakeside mount holding it in place 
melted after about 10 minutes of cutting. The amount of heating during the IR cutting 
is also unknown, as that cutting was done by Argyle Diamonds in WA. However, 
these diamonds appear to still have hydrous phases and carbonates in their pores 
(figure 4.29). Therefore, we believe that the carbonado was not heated by more than a 
few hundred degrees. 
After cutting, one half of the carbonado was kept for reference, and the other 
half was polished on the flat, laser-cut surface. In some cases, where the carbonados 
were small, or where a second or third polished face was desired, corners were simply 
ground off by using a larger diamond grit size on the polishing lap. These stones were 
then polished using the same methods as for the laser cut stones. 
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A.1.2.1 Polishing techniques 
A technique a1ready developed for polishing artificial diamond composites was 
applied to carbonado with some success, but some alterations had to be made to 
account for the irregular shape of the natural samples. 
Carbonado is polished on a rapidly spinning 29 cm diameter cast iron lap. This 
lap is impregnated with diamond polishing grit in the following process: 
1. a small amount of diamond grit is sprinkled evenly around the lap. 
2. a line of paraffin is poured around the lap. 
3. An old WC multianvil cube is used to rub the diamond into the lap. 
This rubbing spreads the paraffin across the face to the lap, creating a thin 
diamond slurry. The diamonds are then imbedded in the cast iron, and as this happens 
the gritty feel under the WC cube becomes smooth. The paraffin then acts as a 
lubricant during the polishing process. The lap must be reimpregnated once every 1.5 
to 2.5 hours. 
The carbonado is epoxied to a bronze dob, which during polishing moves back 
and forth across the face of a rapidly spinning cast iron lap. The flat face of the 
diamond must be aligned exactly flush with the surface of the lap. This is done by 
placing a small piece of overhead transparency on the lap, then placing the carbonado 
face down on the transparency. The end of the bronze dob is then covered in epoxy, 
and the dob is lowered onto the top of the carbonado. The epoxy coats the diamond 
as well, hardening overnight to secure the carbonado to the dob. after this is 
completed, the transparency is easily pulled off, leaving the diamond face down on the 
lap. It is then ready for polishing. 
During polishing, the bronze dob is weighted to apply pressure to the 
carbonado. The exact pressure depends greatly on the surface area of the carbonado, 
which can change by up to an order of magnitude due to large variations in sample 
size. The high thermal conductivity of both bronze and diamond dissipate frictional 
heating, keeping the temperature of the sample below approximately 50°C (cool 
enough to comfortably pick up with bare hands). 
A reasonably flat surface with an area of less than about 3mm x 3mm can be 
polished in several days by this method. One problem, however, is that individual 
grains of the carbonado (which typically has a grain size of 10-20 mm), get torn off of 
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the edges of the pores, and scrape across the surface of the sample, leaving large 
groves (e.g. figure 4.3, figure 4.6) This problem has been addressed by removing the 
weight during the final stages of polishing, thereby reducing the pressure on the 
sample. 
More importantly, the carbonado must not stay on the lap for too long without 
reimpregnation of polishing grit. If the lap is reimpregnated every 1.5 hours, streaking 
is rarely a problem. Rotating the bronze doh during polishing also helps, but because 
the axis of rotation is not exactly perpendicular to the lap, this causes a slightly conical 
surface. However, there are very few applications where this is even apparent, much 
less important, unless the lab being used is severely worn. 
A.2 Methods used to investigate carbonado alteration 
A.2. 1 SEM and electron probe pore mineral analyses 
WDS analyses of florencite and Cr-Fe metal inclusions were done on a Cameca 
'microbeam' electron probe operating at 25 Ke V with a beam current of 30nA and a 5 
micron spot size. REE peaks are calibrated to synthetic REE phosphate standards. 
EDS analyses were done using the RSES Cameca electron probe and a J eol 
6400 scanning electron microscope at the Electron Microscopy Unit at ANU. 
Backscattered electron images were produced with the Jeol 6400 SEM at the Electron 
Microscopy Unit . 
A.2.2 Lead isotopic measurements of Florencite 
To determine the relationship of the pore minerals to the carbonado, Pb 
isotopic measurements were done on florencite minerals found in the pores of 2 CAR 
carbonados. The crystals generally contained 0.5%-2% Pb. The Pb isotopic ratios 
were analyzed in situ with the SHRIMP II, a high resolution, high sensitivity secondary 
ion mass spectrometer. The isotopes measured were 204Pb, 206Pb, 207Pb, 208Pb and 
208Pb1H. This last species, with a nominal mass of 209, was measured because 
florencite is a hydrous mineral, and the hydride PbH was expected to be produced. 
The ratio of 208Pb to 209pbH was used to determine the hydride correction, which was 
then applied to the other isotopes. In most cases, the 208Pb1H/2°8Pb ratio was about 
0.2%. 
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A.2.3 CL spectra 
Cathodoluminescence spectra were obtained from the University of New South 
Wales (UNSW) using a Hitachi 4500 field emission scanning electron microscope 
equipped with a Oxford MonoCL CL system. The operating temperature was -25°C. 
A.2.4 CL images 
Cathodoluminescence studies were undertaken using a luminoscope for low 
magnification color images. An SEM was used for high resolution work where color 
differences were not as important. 
A.2.4.1 Luminoscopes 
A microscope-mounted luminoscope operating between 10 and 20 kV, and a 
Nuclide luminoscope with a Leitz automatic camera and microscope operating 
between 10 and 15 kV were used for luminoscope pictures. All samples were initially 
at room temperature, although heating may have occurred in the luminoscope over the 
course of observation. Any such heating was not enough to change the observed 
luminescence. Between 10 and 20 kV the electron penetration distance in diamond is 
between 1.4 and 4.3 µm (Davies, 1979). 
A.2.4.2 SEM cathodoluminescence 
Higher magnification CL images were obtained on a Hitachi S2250N Scanning 
Electron Microscope with a CL detector with a maximum sensitivity at -500 nm 
wavelength. The operating voltage was 15kV. The detector sensitivity decreased 
rapidly with increasing wavelength, so that orange and red CL was difficult to detect 
using this spectrometer. 
A.2.5 PL and Raman techniques 
Raman and Photoluminescence are both activated by subjecting a sample to intense 
monochromatic light, and analyzing the spectra of the light re-emitted. As a result, 
they can sometimes interfere with each other. Because the Raman luminescence is 
generally the weaker of the two effects in carbonado (Kagi et al., 1994), most Raman 
studies were limited to sample B-1, which had a generally low photoluminescence 
response. Even so, the photoluminescence was often as large as the Raman peak, so 
when making high resolution measurements, the ratio of the photoluminescence and 
Raman intensities was noted. 
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Raman and photoluminescence measurements were made on the Microdil 
Raman Microprobe at the Australian Geological Survey Organization (AGSO) and the 
Dilor XY Confocal Raman Microprobe at the University of Melbourne. A broad band, 
low resolution spectrometer equipped with a 524.5 nm notch filter was used for the 
low temperature PL spectra from Melbourne, while the XY confocal Raman 
Microprobe was used for the polarization work and the spectra shown in figure 2.31. 
Excitation was from the 514.5, 488, or 472 nm line generated by SpectraPhysics 2016 
Ar+ laser. The measurements at AGSO were made at room temperature, while those 
at the University of Melbourne were made both at room temperature and -180°C. 
Raman measurements were made in high resolution mode while PL measurements 
were made in low resolution, or "scanning" mode. For orientation measurements 
(chapter 4.4.2), the emitted light was polarized in the plane perpendicular to the 
sample surface that contained the vector arrow shown in figure 4.25. The first 
measurement, taken in an orientation parallel to the sides of the grains studied (figure 
4.25) is labeled 0°. If the incident light was polarized either parallel or perpendicular 
to the emitted light, and measurements at other orientations were made by rotating the 
sample stage 45° and 90° from the initial position. 
A.3 Methods of analyzing carbonado indicator minerals 
A.3. 1 Sample collecting 
Heavy minerals separates, river sands, and rock samples were collected during 
a November 1998 field excursion to the Chapada Diamantina, Bahia state, Brazil. 
River sand were collected from river gravels and diamond washing tailings from 
several tributaries of the Rio Paraguac;u and the Rio Santo Ant6nio, as well as streams 
from near the former mining towns of Sao Joao and Ventura. Sands were sieved on-
site, and pebbles were examined for traditional indicator minerals. 
Some sand samples were concentrated on-site by a garimpeiro using a batea, 
the traditional Brazilian gold-and-diamond pan. This resulted in a 100-200 g sample 
heavily enriched in heavy minerals. 
Rock samples from fuchsitic Jacobina quartzites were collected at roadcuts 
along highway Ba-324 east of Jacobina. Three separate quartzite layers were sampled. 
Tombador samples were taken from outcrops along the Rio Cachorrinho, Rio Lenc;ois, 
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and Rio Riberao, or from river boulders. River boulders were used because the 
Tombador conglomerate is partially recrystallized, and fractures propagate through 
clasts, making separating the clasts difficult. When the clasts weather out of the 
conglomerate, however, they often break free of the conglomerate matrix, allowing 
the clasts to be collected separately. The drainage of the Rio Cachorrinho and the Rio 
Len\:ois are entirely underlain by Tombador conglomerate, so the probability of the 
clasts collected being non-Tombador boulders with similar appearance is small. This is 
especially true for the fuchsitic quartzite clasts, as these are only reported from the 
Lavras Conglomerate in the Tombador Formation (Sampaio et al., 1994). 
All samples were autoclaved at 150 °C for 4-6 hours (or until totally dry) for 
quarantine purposes before being shipped to Australia. In Australia, rocks were 
crushed, and heavy minerals were separated using heavy liquids and magnetic 
separation. For river sand that was not concentrated using the batea in the field, a 
whifley table at AGSO was used to concentrate the heavy minerals. 
Samples of the Dachine talc schist, Dachine diamonds, and heavy minerals were 
obtained from Golden Star Resources in Georgetown, Guyana. Heavy mineral 
samples from exploration in the Mazaruni River area of western Guyana were also 
obtained. These samples were all collected by Golden Star Resources. 
A.3.2 Sample preparation 
Rocks were crushed into pinky-sized pieces and milled into a fine sand. The 
resulting sand and batea concentrates were sieved, then density separated using the 
heavy liquids TBE (2.95g/cc) and MI (3.35 glee). Subsequent heavy mineral 
separation on a Franz-type magnetic separator removed the mafic minerals. All rutile 
and zircon samples were taken from the non-magnetic MI sink fraction. Grains were 
then mounded in epoxy with the appropriate standards and polished for analysis. 
A.3.3 Rutile +zircon WDS, EDS 
One hundred and twenty six non-magnetic heavy minerals from the Rio 
Cachorrinho were hand picked and mounted in a 1 inch epoxy mount and analysed 
using EDS and WDS techniques on the Cameca electron probe. This analytical session 
revealed that the vast majority of the non-magnetic heavy minerals were rutile (56) or 
zircon (65). Five quartz grains, one of which was adhered to a rutile, were also 
observed. During the hand-picking process, a clear, fractured cube with a high index 
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of refraction and tetrahedral cleavage was found. This sample, which may have been a 
microdiamond, was <100 µm across, and was unfortunately lost during handling. 
Identification of other hand-picked minerals was made using qualitative EDS. 
The rutile grains were analysed by WDS using a generic silicate program for Si02, 
Ti02, Ah03, Cr203, Cao, FeO, MnO, Na20, and K20 to determine if any of them had 
the high Al contents typical of metamorphic rutile from ultra high pressure terrains. 
The probe operated at 15 Ke V with a beam current of 5nA and a 2 micron spot size. 
No high Al rutile was detected, but several grains had significant Cr contents, and EDS 
suggested that Nb was present in some samples. This discovery led to the reanalysis of 
13 of the rutiles for Si02, Ti02, Zr02, Nb20s, Ah03, Cr203, FeO, MnO, Cao, and 
Ce02, using a synthetic Ti02 standard. The beam current was increased to 33 nA and 
the accelerating voltage was increased to 25 kV for these analyses. Under these 
conditions, Ah03 was well below background due to an unidentified interference, 
possibly caused by a third order Ti diffraction. 
A.3.4 Laser zircon dating 
Three zircon populations were dated by laser ICP-MS using the methods 
described in Ballard et al. (2001). One zircon population of 100 zircons was from the 
green fuchsitic Jacobina quartzite, one zircon population of 100 zircons was from the 
green fuchsitic quartzite clasts in the Lavras Conglomerate of the Tombador 
Formation, and one population of 50 zircons from the batea concentrated heavy 
minerals from the Rio Cachorrinho was dated. An AS57 standard, with an age of 1099 
Ma, was used for the Jacobina and Tombador clasts. A SL13 standard with an age of 
572 Ma was used for the Rio Cachorrinho samples. The glass standard used to 
determine U/Pb ratios was NBS 612. The analytical procedure followed was this: 1 
NBS glass, 5 Tombador, 5 Jacobina, 2 AS57, 5 Jacobina, 5 Tombador, 2 AS57. 
Average analysis time was 65 seconds, with 20 seconds of background 
collected before the Resonetics excimer laser was turned on at an operating frequency 
of 5 Hertz. After the laser began evaporating the sample, data weR'l collected for the 
remaining 45 seconds. The laser spot size was 30 µm, the average crater depth was 
about 25 µm. This occasionally resulted in drilling entirely through some of the 
smaller zircons. The Agilent 7500 series inductively coupled plasma mass 
spectrometer counted the following masses for the times indicated: 29Si, 10 ms; 31P, 10 
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ms; 96zr, 10 ms; 178Hf, 10 ms; 206Pb, 150 ms; 207Pb, 150 ms; 208Pb, 100 ms; 232Th, 25 ms; 
238U, 25 ms. Including switching time, this cycle was repeated every 0.6 seconds. In 
this time, the laser ablated approximately one third of a micron. After a surge when 
the laser was first turned on, the signals for the various masses in homogeneous 
samples were usually fairly constant, or slightly sloped. Deviations from this are noted 
in table A.3.1 and table A.3.2. A description of the Tombador grains analysed is 
shown in table A.3.1. A description of the Jacobina grains is in table A.3.2. 
The data reduction process, developed by Dr. Mike Palin at RSES, first 
removed any 'spikes' (anomalous high or zero values) and subtracted the background. 
All the counts in each scan were then ratioed to each other. After this, the ratios 
measured in the standards was corrected so that their values were fixed at their known 
concentration. The zircon standard was used for all values except the U/Th ratio, 
which was obtained from the NBS glass. This standardization factors out down-hole 
fractionation and instrumental mass bias. The same standardization was then applied 
to the unknowns. The age results which were more than 5% discordant between the 
207Pb/235U, 206Pb/238U, and 208Pb/232Th systems were considered unreliable, as were those 
where the observed error was more than three times the expected error. This is 
because such error is often caused by analysis of regions of zircon with two or more 
ages (M. Palin, pers. comm.). 
A.3.5 Laser rutile dating 
One Cr rich rutile was dated using the laser IC-PMS dating technique 
developed for zircon. This gave a concordant age of -2933 Ma, but no further 
attempts were made to determine the robustness of this method. 
Table A.3.1 Morphology of detrital zircons from the green quartzite clasts in the 
Tombador formation conglomerate dated by laser ICP-MS. Grains considered 
unreliable due to discordance or statistical anomalies are shown in gray. Run notes 
refer to observations of the measured count rates that were made during the 
anal ses. 
# shape size color CL site Run notes Con Age 
cord 
1 well rounded 278x174 med purple med core, core 0.99 3416± 11 
b.zone 
2 well rounded 210x150 dark purple dark mid 208 hump 0.98 3399 ± 12 
3 well rounded 193x91 dark brown dark core, core Pinc, drill 0.84 3496 ±IO 
med rim through 
4 angular 112x102 colorless bright, rim drill through 0.97 3428 ± 14 
zones 
C. W. Magee, Jr. Methods Appendix 213 
# shape size color CL site Run notes Con Age 
cord 
5 subrounded !50x75 light brown dark and core wavy pattern 0.96 3529±21 
bright 
zonin<r .., 
6 subrounded 219xB9 d. purple dark clear spt 0.94 3312±14 
brown 
7 well rounded l82x123 v. dark purple dark clear spt strange P, U 0.81 3296 ± 13 
8 subhedral l7lx77 dark brown med, b. core 206,207 up 0.99 3599 ± 8 
core 
9 well rounded 174x114 v. dark purple dark clear spt Th decrease 0.99 3408 ± 9 
10 subhedral l60x77 opaque purple dark core Th-208 down, 0.75 3434 ± 11 
drill through 
11 subangular 214x102 dark purple dark, faint clear spt 0.96 3587 ± 7 
zoning 
12 subrounded 139x100 medium dark core, rim 0.98 3396 ± 10 
brown med zones 
13 well rounded 150x115 light brown med, zoned core? 0.98 3607 ± 8 
14 subangular 128x96 dark brown dark, zoned rim rising P 1 3389 ± 13 
15 subrounded l50x86 opaque orange dark everything 0.62 373 ± 21 
messy 
16 well rounded 155xl17 d. purple dark, b. rim 0.99 3416 ± 6 
brown core 
17 well rounded 110x79 d. yellow dark lumpy 0.98 3349 ± 7 
brown 
18 subrounded 96x65 light brown dark inclusion? at 0.95 3354 ± 9 
end 
19 well rounded 130x87 med purple dark cleat spt 0.98 3434 ± 9 
20 well rounded 165x104 v. d. purple med core, core lumpy 0.96 3358 ± 23 
d. zones 
21 md euhedral 17lxl07 v. d. brown dark core lumpy 0.81 3305 ± 8 
22 angular 128x96 med brown dark, light core 0.95 3372 ± 10 
rim? 
23 subhedral 166x83 dark brown dark, rim? core lumpy 0.96 3412 ± 11 
24 suhangular 171x96 colorless V. bright clear spt U, Th weird, 0.85 3578 ± 30 
drill through 
25 well rounded 150x100 colorless dark, core lumps at end 0.96 3435±10 
darker 
zones 
26 well rounded 251x106 dark purple- dark end odd start, 0.98 3529 ± 11 
red lumps 
27 well rounded 182xl07 med brown dark end drill through 0.89 3526 ±. 12 
(edge) 
28 subrounded 140x105 colorless med, core? 0.99 3347 ± 10 
zoning 
29 subrounded 193x120 m. purple dark, core 0.97 3375 ± 12 
brown zoning 
30 subhedra! 182x86 v. dark purple dark core? lumpy, odd Th, 0.73 3347 ± 19 
208 
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# shape size color CL site Run notes Con Age 
cord 
31 well rounded !60x84 med purple dark core, core 0.93 3519±!0 
b. zones 
32 subrounded 144xl 16 colorless dark, med clear spt 0.99 3413 ± 18 
edges 
33 well rounded l7 lx91 v. dark brown dark Pb loss? 0.6 1055 ± 41 
34 subangular 137x66 med. brown med core, core inclusion? 0.95 3485 ± 13 
dark zone 
35 subrounded 116xl09 light brown med strange start, 1.01 3366 ± 16 
drill through 
36 well rounded l18x77 colorless v. bright U,Th lumpy 0.92 3438 ± 28 
37 subangular 96x91 med. brow11 dark 0.91 3387 ± 10 
38 angular 132x8l opaque gray dark Pb weird 0.72 3515 ± 21 
39 well rounded 98x86 light brown dark, zoned core 0.68 3349±13 
40 well rounded 123x99 med purple dark 0.99 3426 ± 10 
41 well rounded 185x126 d. purple-red dark 0.98 3689 ± 8 
42 well rounded l30x118 med purple dark 0.98 3384 ± 21 
43 subrounded 200x80 none- one end d, end end 0.98 3609 ± 18 
bright 
44 see 43 purple end dark- core dkend lumpy 0.92 3573 ± 23 
45 subangular l78x88 dark brown dark Th bumpy 0.89 3393 ± 8 
46 well rounded 160xl08 light purple end bright, dk 0.98 3391±15 
most dark 
47 well rounded 197x120 dark purple- dark 0.98 3401±12 
gray 
48 subangular l65x83 dark purple- dark 0.91 3581±9 
red 
49 well rounded 141xl01 colorless dark drill through 0.98 3430 ± 14 
50 well rounded 153x105 colorless bright, core 0.98 3415 ± 14 
zoned 
51 subangular 116x103 dark purple dark, 1 3368 ± 10 
zoning 
52 subrounded 133x119 m. yellow- dark 0.97 3463 ± 8 
brown 
53 subrounded 246xl07 yelow-gray dim to dark . 0.95 3448 ± 15 
54 subangular 161x124 light yellow b. core? core rollercoaster 0.95 3447 ± 18 
dark-med 
55 angular 94x84 colorless very bright drill through 0.98 3371 ±42 
56 well rounded 148x72 light brown med, zoned core 0.99 3360 ± 19 
57 well rounded l38xl33 colorless bright, core dtill through 0.91 3340 ± 16 
zoned 
58 angular 97x62 colorless v. bright, rim Drill through 0.97 3497 ± 19 
zoned 
59 subrounded 117x96 med purple dark 0.97 3340± 13 
zoning? 
60 well rounded 235xl23 v. dark purple dark 0.78 3240 ± 12 
red 
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# shape size color CL site Run notes Con Age 
cord 
61 subangular 107x82 light brown m.end, core? 1 3435 ± 12 
other dark 
62 subrounded 134x93 dark brown dark, bumpy 0.64 1368 ± 61 
parallel? 
63 subrounded 112x70 colorless med, dark rim drill through 0.85 3408 ± 15 
core 
64 well rounded 130xll0 dark purple dark very dodgy 0.71 3252 ± 35 
65 subrounded 123x90 dark purple dark slightly wiggly 3350 ± 22 
66 well rounded 122x104 dark purple dark end bumpy 0.93 3529 ± 13 
67 subrounded l05x82 v. dark brown dark 0.48 677 :± 22 
68 well rounded 118x94 dark purple d. zoned? 0.67 1409 ± 16 
69 subangular 9lx88 light purple dark 0.93 3345 ± 15 
70 angular l4lx58 light brown med, b. 0.93 3359 ± 18 
edge 
71 see20 dark zone rim 0.51 790 ± 15 
72 angular 96x75 med purple dark drill through, 0.69 3161±30 
crack? 
73 well rounded 139xl00 dark brown dark 0.97 3334 ± 21 
74 subangular 137x78 dark purple d.zoned? drill through 0.98 3345 ± 15 
75 subhedrnl l68x72 light brown dark, zoned core drill through 0.92 3377 ± 12 
-·10s 
76 subrounded lllx103 light purple med, zoned rim 2 ages? 0.95 3444 ± 17 
77 See number 1 * * bright rims rim 0.95 3407 ± 15 
78 rnd euhedral 165x82 light purple dark end lumps after 0.79 3275 ± J7 
l/2way 
79 subhedral 164x64 light brown med, core drill through 0.85 3368 ± 16 
zoning 
80 subangular 155x118 light purple bright area dark bit 0.97 3364 ±9 
81 subangular 141x109 dark brown- dark U,Th bump 0.98 3455 ± 11 
gray 
82 subangular 92x75 opaque purple dark drill through 0.68 1479 ± 20 
83 subrounded 144x89 opaque dark wavy 0.81 3388 ± 11 
84 subangular l55x78 dark purple dark small bend% 0.56 674 ± 24 
way 
85 subhedral l79x81 d. purple--red dark P, Th, ll, 208 0.91 3379 ±. 13 
bad 
86 subrounded 150x114 d. purple-red dark 0.72 3378 ::!: 15 
87 subhedral l98x86 opaque brown dark bumpy 0.64 1324 ± 46 
88 well rounded 125x83 opaque brown dark bumps at end 0.5 814 ± l3 
89 well rounded 126x110 opaque dark slightly wavy 0.73 3201±13 
90 subangular l05x83 opaque dark bumpy, slow 0.92 3443 ± 14 
rise 
91 subrounded 95x73 opaque purpk dark wobbly 0.52 776 ± 29 
red 
92 subrounded l28x91 dark purpl.e dark clear spt 0.93 3283 ± 14 
93 well rounded 200x104 dark brown dark really bumpy 0.83 '.i'.394 ± 15 
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# shape size color CL site Run notes Con Age 
cord 
94 subangular 174x76 med purple dark core, core 2 ages? 0.97 3408 ± 27 
b. zones 
95 subrounded 95x75 opaque dark some bumps 0.65 1312±35 
96 angular !77x96 med purple dark surprisingly 0.96 3356 ± 13 
good 
97 suhangular 121xl00 opaque brown dark tail off last 5 s 0.72 2949 ± 18 
98 subangular ll5x82 v. dark brown dark slight wobble 0.66 1370 ± 59 
99 subangular 158x94 v. dark brown dark bump at start 0.9 3547 ± .15 
100 anoular 
"' 
93x82 opaque dark bumpy, drill 0.67 1491±55 
through 
Table A.3.2 Morphology of detrital zircons from the Jacobina quartzite dated by 
laser ICP-MS. Grains considered unreliable due to discordance or statistical 
anomalies are shown in ra . 
# shape size color CL site Run notes Con Age 
1 well rounded 147x112 colorless med, slight zone Core HiP 0.98 3313 ± 9 
inclusion 
2 well rounded 155x95 clear strong zoning core drill through 0.99 3431±9 
,., 
subrounded 138x95 m. brown med featureless middle 0.99 3436 ::l: 18 .1 
4 subrounded 116x76 colorless med, slight zone band wavyU, Th 0.75 3388 ± 17 
5 subhedral 151x91 colorless bright end, dark band? Th vary 0.95 3315 ± 7 
spot 
6 subrounded 147x86 colorless med, bright core non- Th not 0.98 3303 ± 7 
core parallel 
7 well rounded 138x78 d. brown dark light 0.77 3165 ± 9 
end 
8 well rounded 103x69 m. brown d. core, bright core inflection at 1.01 3293 ± 7 
band 10 s 
9 well rounded 185x95 m. brown dark core, med. core 0.97 3319 ± 7 
10 subrounded 125x86 red-brown med featureless miss High P, low 0.99 3308 ± 9 
incl. Pb zone 
11 rnd pyramid 233x73 clear med, lateral zones end 0.99 3322 ± 7 
12 sub rounded 125x99 clear med, dark core core 0.98 3302 ± 8 
13 well rounded 134x78 light purple bright core, dark band drill through 0.98 3294 ± 7 
band 
14 subangular 125x65 red-brown dark core, med. core very late drill 0.9 3299 ± 7 
rim through 
15 subangular l34x U 2 light brown dark featureless no incl. U, Th 0.87 3360 ± 16 
anomalies 
16 subpyramida 134x73 clear-brown med, bright ends core high U zone 0.98 3303 ± 11 
1 end 
17 well rounded l 55x99 opaque med, core? middle lumpy 0.49 650 ± 18 
(gray) 
18 well rounded 134x91 colorless possible bright mid rise at end 0.98 3307 ± 8 
ends 
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# shape size color CL site Run notes Con Age 
19 well rounded 95x56 colorless bright, zoned core v. late drill 0.98 3356 ± 17 
through 
20 well rounded 123x71 colorless bright, maybe rim (if) 0.99 3298 ± 9 
zoned 
21 well roundcxl l 12x77 light brown dark core, me,d core lumpy signal 0.95 3305 ± 8 
rest 
22 subangular 134x91 colorless dark spot, end 0.99 3295 ± 7 
medium 
23 well rounded 116x90 med brown bright b. end 0.98 3461±9 
24 subangular 121x78 colorless zoned, bright core slightly 0.99 3425 ± 12 
lumpy- older 
end? 
25 well rounded 155x65 light brown dark core, bright core crack? drill 1.03 3326 ± 15 
zones through 
26 sub rounded 116x67 dark brown featureless middle strange start, 0.88 3310 ± 10 
lumps 
27 subrounded 155x73 colorless bright, parallel end drill into, 0.98 3363 ± 13 
feature through core 
28 subrounded 134x82 light brown bright, zoned? core many incl., 0.99 3300 ± 19 
drill through 
29 subangular 159x73 med. brown bright core, dark rim lumpy 0.94 3341 ± 23 
rim 
30 well rounded 134x82 light brown featureless, end 0.99 3311 ± 10 
brightish 
31 subrounded 138x99 colorless bright, maybe outer drill through 0.98 3300 ± 13 
zoned 
32 well rounded 129x67 dark brown dark, unzoned end drill through 0.99 3527 ± 12 
33 well rounded 151x78 light brown bright core, dark Rim 0.98 3309± 9 
rim 
34 well rounded 108x65 light brown dark core, med core 0.98 3411±7 
rim 
35 subrounded 142x82 colorless bright core, v. rim 0.98 3376 ± 23 
bright rim 
36 subrounded 78x60 light brown dark mid drill through 0.96 3295 ± 9 
37 angular 129x125 light brown Bright core, dark core v. late drill 0.98 3554 ± 9 
rim through 
38 subrounded l27x99 opaque Dark, featureless mid Common Pb 0.89 3%9± 6 
(gray) spike 
39 subrounde<l ll2x69 brown gray dark mid lumpy 0.51 905 ± 48 
40 well rounded l l2x103 rni:.xl. brown dark mid P,Th,U 0.73 3236 ± 16 
lumps 
41 well rounded 125x99 colorless v. bright core, b. core drill through 0.97 3444 ± 20 
rims 
42 well rounded 125x78 colorless/ med, possible core core? Th rise at end 0.98 3304 ± 13 
brown end 
43 well rounded 129x91 light brown med, featureless mid Drill through 1 3291±13 
44 subangular 130x90 colorless med, featureless mid drill through 0.93 3322 ± 15 
45 subrounded !38x95 d. brown dark core, v. core lumpy 0.68 3493 ± 21 
bright end 
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# shape size color CL site Run notes Con Age 
46 well rounded 121x76 colorless dark, featureless end drill through 0.96 3407 ± 10 
47 subangular 125x73 colorless v. bright core, m. core drill through 0.97 3321 ± 42 
rim 
48 well rounded 129x86 colorless bright core, med core Pb vary, 0.89 3315±25 
rims lumpy 
49 subhedral 155x39 colorless med-bright, med core drill through 0.97 3314 ± 13 
core 
50 well rounded 155x78 light brown med, featureless end drill through 0.99 3287 ± 13 
51 well rounded 95x9 J light brown dark core. bright core 0.91 3314 ± 20 
rim 
52 subhedral 147x56 light brown med core, b. core bumpy (a OK/ 3275 ± 14 
zones little) 
53 subangular 103x86 colorless dark, featureless mid drill through 0.97 3330 ± 22 
54 subrounded 108x78 colorless dark core. bright core drill through 0.98 3300 ± 15 
rims 
55 subrounded 116x95 dark brown dark featureless end inclusions 0.98 3350 ± 15 
everywhere 
56 subrounded 207x9L dark brown dark, zoned? rim drill through 0.82 3407 ± 13 
57 subrounded 135x82 med brown dark. featureless end drill through 0.9 3240± 9 
58 subangular 151x91 light brown med mid drill through 0.98 3299 ± 10 
59 well rounded 121x65 med. brown dark, bright rim? core U,Th 0.99 3291 ± 8 
anomalies 
60 well rounded 112x95 light brown med core, bright rim 0.95 3306 ± 20 
rim 
61 subrounded 129x91 colorless dark, bright end end drill through 0.99 3298 ± 9 
62 well rounded 132x108 colorless med-bright, core core drill through 0.98 3293 ± 11 
63 well rounded I30x73 light brown med, bright spot b. ~pot odd 0.98 3432 ± 19 
variations 
64 well rounded 129x91 colorless dark end drill through 0.99 3286± 8 
65 well rounded !34x73 colorless med core, dark core Th,U 0.97 3330 ± 14 
rim anomaly 
66 well rounded 203x 102 light brovvn dark core, bright core bumpy 0.88 3299 ± 13 
rims 
67 well rounded 116x73 colorless med, bright edge, mid 0.98 3307 ± 9 
core 
68 See66 * * * rim drill through 0.9 3413 ± 23 
69 subrounded 125x82 light brown v. bright, core core 0.97 3503 ± 19 
70 subangular 127x71 light brown dark, core? b. core Th bumps 0. 94 3607 ::!: 9 
e-elge 
71 subrounded 135x76 colorless bright, v.b. zone v. drill through 0.97 3303 ± 23 
bright 
72 suba11gular 103x82 med brown med, zoned core wavy 0.94 3435 ± 14 
73 subangular 125x79 light brown med featureless end 0.99 3294 ± 9 
74 subangular 142x65 colorless maybe zoned band drill through 0.88 3330 ± 17 
lOs 
75 subrounded 112x91 dark brown dark featureless edge U,Th spike 1 3439 ± 12 
-10 s 
76 well rounded 196x80 colorless med featureless mid drill through 0.98 3311 ± 13 
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# shape size color CL site Run notes Con Age 
77 angular 142x79 med. brown med. bright spots med 0.92 3654 ± 8 
78 subrounded 116x68 colorless very bright- core? mid wavy 0.98 3306 ± 34 
79 subangular 120x77 colorless bright, grotty dark wavy, drill 0.97 3308 ± 20 
looking through 15s 
80 subhedral 18lx95 opaque, med, dark zoning core lumpy 0.92 3352 ± 16 
dark gray 
81 well rounded l25x80 light brown med, lots uf core slightly wavy 0.92 3302 ± 17 
zoning 
82 wen rounded J42x81 light brown m.-b. zoned, spots core wobble~. drill 0.96 33l7 ± 10 
through 
83 well rounded 190x 140 dark brown middle 0.99 3433 ± 7 
84 well rounded 164x 103 opaque gray dark, parallel middle slight 0.73 3317 ± 10 
inflectjon Y2 
way 
85 well rounded 130x99 dark brown dark, slight core early wiggles 0.49 714 ± 20 
zoning 
86 subangular 155x90 color1ess dark, bright end core slightly wavy 0.98 3328 ± 11 
87 well rounded 164x82 light brown medium middle perfect run! ! ! 0.99 3422± 9 
88 subangular 138x77 med brown meduim edge 0.97 3445 ± 9 
89 subangular 125x60 light gray bright, zoned core ?? 0.96 3307 ± 10 
90 subrounded 120x95 med brown med-bright zone? mid 0.98 3305 ± 11 
91 subhedral 160x65 colorless med, bright area end wobbly 0.99 3300 ± 11 
92 subangular 120x95 light brown medium middle Th rise, drill 0.97 3399 ± 12 
through 
93 well rounded 116x91 light gray medium clear U, Th, P odd, 0.94 3427 ± 32 
end OK end 
94 subangular 125x 121 dark brown medium, zone? mid Th wiggle, U, 0.93 3539 ± 15 
P, 208 Th up 
at end 
95 angular 177x91 opaque gray medium end rise at end 0.99 3513 ± 11 
96 well rounded I 16x 100 light brown rr1edium end drill through 0.69 l461±20 
., 17s 
97 well rounded l 03x95 dark brown med core, bright core wobbly 0.89 3360 ± 16 
rim beginning 
98 subrounded 134x95 med brown v. bright, bright core end wavy 0.98 3375 ± 37 
core 
99 subhedral 155x82 colorless dark core, med core wobbles, drill 0.97 3320 ± 17 
ends through 
100 well rounded 108x91 colorless medium middle wavy 0.98 3317 ± 24 
A.4 Methods of analyzing carbonado microstructure 
A.4. 1 Reflected light microscopy 
Reflected light images of polished carbonado specimens were taken using a 
Nikon FX 35 camera mounted on a Nikon AFX IIA microscope. Objective lenses 
used varied between x5 and x20. Most images were taken with color film and then 
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scanned in black and white. Any colors observed were mainly due to carbon or gold 
coatings used for electron probe of SHRIMP work. A few reflected light pictures 
(4.3, 5.11) were taken with a Nikon HFX-DX camera attached to a Nikon Optiphot-2 
microscope. 
Low magnification surface images of carbonado were taken on a Wild 
Makroskop M 420 binocular microscope with variable magnification. The picture of 
the laser etched carbonado microtexture was taken in the same way, but the surface of 
the polished carbonado was hit with 2-3 pulses from the Ar F+ 193 nm (UV) excimer 
laser using a large (200 µm) spot size. 
A.4.2 Raman peak shape and polarization measurements 
Raman measurements for position versus width comparisons were made on the 
Microdil Raman Microprobe at AGSO. Two spots on each grain were measured, and 
each measurement was repeated without changing the instrumental parameters. The 
polarization Raman experiment was done on the Dilor XY Confocal Raman 
Microprobe at the University of Melbourne. In both cases excitation was from the 
514.5 nm line generated by SpectraPhysics 2016 Ar+ laser. All Raman measurements 
were made at room temperature. The size of the analysed area is about 2 µm across in 
each case. Further discussion of Raman spectroscopy is presented above, in section 
2.5 of this Appendix. 
A.4.3 FTIR of carbonado 
One section of a CAR carbonado was cut using a UV laser, polished, thinned 
to approximately 90 microns, double polished, and immersed in acids in an attempt to 
dissolve any non-diamond material. The acid washes were: 
1. Concentrated nitric and fuming sulfuric acid at 170°C on a hot plate for 2 hours; 
2. Boiling perchloric acid for 20 minutes; 
3. HCl in a pressure bomb at 195°C overnight; 
4. HF in a pressure bomb for two days, 
5. HCl with a small amount of fuming sulfuric acid in the pressure bomb again 
overnight. 
The sample was then dried in a 200 °C drying oven for 2 days. 
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Unfortunately, this did not remove all impurities, as the IR spectrum shows 
large OH bands. Some of these are a result of molecular water, and some of which is 
contained in another phase. 
FTIR spectra were obtained on a Bruker IR microscope attached to a Bruker 
"' IFS 28 spectrometer. Atmospheric water vapor and carbon dioxide spectra are 
automatically subtracted, while additional background corrections are done manually. 
A.4.4 Electron Back Scattered Diffraction 
EBSD was performed at the Australian National University Electron 
Microscope Unit on the Jeol 6400 SEM. The sample was inclined at 70°, and a 10 nA 
current was used at 15kV. The sample was polished with colloidal silica in the same 
matter as most EBSD samples, but the hardness of the diamond prevented a high 
degree of polish from being obtained. This resulted in qualitative data being obtained, 
but prevented the determination of the absolute crystallographic orientation of the 
grains in carbonado. 
A.5 SHRIMP sample preparation 
A.5. 1 Polishing and mounting techniques 
In order to analyze diamonds using SIMS, they must be polished. All 
carbonado specimens were polished using a high speed lap in the sample preparation 
process described in Appendix A. l. Standard diamonds and single-crystal diamonds 
from the Dachine talc schist were polished using the same method or by hand on a 
diamond-impregnated copper disk. 
Once a face had been polished on the diamonds to be analysed, they were 
placed face down on a piece of sticky tape attached to a clean polished glass plate. 
Care was taken to ensure that there are no surface defects on the glass, and that the 
diamonds ended up flush with the surface of the glass without being mired in adhesive 
goo from the tape. To ensure this was the case, the glass plate was turned over and 
examined from behind to see if the diamond face was flush with the surface of the 
glass. With smaller samples, this was done under a binocular microscope. 
Once the diamonds were placed face-down on the glass, a Vaseline-lubricated 
mold was placed around the samples and epoxy was carefully poured into the mold. If 
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the epoxy tilted or rolled the samples as it was poured into the mold, the diamonds 
were remounted. 
Once the epoxy set, the mold was removed and the tape and glass plate were 
peeled off of the sample. The excess epoxy was cut off with a rock saw, so that the 
sample mount had a uniform thickness of 5 mm. For carbonados that are more than 
5mm thick, the epoxy was cut around the carbonado, and then peeled or ground off of 
the back. Having a carbonado protrude form the back of the mount is not a problem 
as long as it was approximately centered, and care was taken not to grind the saw on 
the carbonado, as this could damage the diamond saw. 
Once the sample disk was cut, the back was polished so that the samples can be 
seen through the disk. This makes finding them easier once the disk is mounted in 
SHRIMP. Then the front is polished. 
The front of the carbonado must be polished to ensure electrical conductivity 
and to prevent surface effects from causing fractionation or beam instability. 
However, because the polishing removes epoxy, while leaving the diamonds unscathed, 
excess polishing will result in the diamonds standing out from the epoxy mount. This 
generally inhibits electrical connectivity between the diamond surface and the epoxy 
surface. Therefore, the amount of time the sample spent on the polishing lap was 
minimized to prevent differential polishing. Ten min on the 3 µm lap and 10 min on 
the 1 µm lap was generally sufficient to achieve an acceptable polish. Occasionally, a 
thin film of epoxy will cover the faces of the diamonds. If this is the case, polishing 
must proceed until this covering is removed. 
- The surface of the mount must be electrically conductive. Otherwise, the 
primary ion beam will charge the target surface. Traditional SHRIMP mounts use a 
-6nm thick gold coat that is condensed onto the mount in a vacuum chamber. Because 
natural diamonds are not conductive (Spear, 1989), the same gold coating method is 
used. However, because of the differential polishing effect mentioned above, the gold 
coat usually has to be thicker in order to attain the same conductivity. Thus, a coat of 
9-12 nm is generally applied to the sample. 
Because developing the analytical techniques necessary to measure carbon 
isotopes using SHRIMP was a major focus of this thesis, those techniques are 
presented in the main body of chapter 5. However, the data tables from the successful 
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analytical sessions are presented below. The data for the Dachine diamonds are 
presented in section A.6. 
Table A.5.1: Carbon isotopic analyses of diamonds during the May 1999 SHRIMP 
session. Analyses for which the steering was not controlled to the nearest bit (see 
































































































13CJ12C std factor factor 13CJ12C 
0.009727 8.0E-06 0.009735 0.001276 -5.5E-07 0.Q11003 
0.009727 1.0E-05 0.009735 0.001277 -5.3E-07 0.011003 
0.009725 9.0E-06 0.009735 0.001277 -6.6E-07 0.011001 
0.009760 7.0E-06 0.009734 0.001277 1.8E-06 0.011039 
0.009749 8.0E-06 0.009734 0.001277 1.0E-06 0.011027 
0.009758 1.0E-05 0.009734 0.001277 1. 7E-06 0.011037 
0.009729 1.1E-05 0.009734 0.001278 -3.3E-07 0.011006 
0.009735 1.1E-05 0.009734 0.001278 9.8E-08 0.011013 
0.009741 8.0E-06 0.009733 0.001278 5.2E-07 0.011019 
0.009709 1.0E-05 0.009733 0.001278 -1.7E-06 0.010986 
0.009726 1.0E-05 0.009733 0.001278 -4.7E-07 0.011004 
0.009718 9.0E-06 0.009733 0.001279 -1.0E-06 0.010996 
0.009737 6.0E-06 0.009732 0.001279 3.1E-07 0.011016 
0.009722 7.0E-06 0.009732 0.001279 -7.0E-07 0.011000 
0.009728 9.0E-06 0.009732 0.001279 -2.8E-07 0.011007 
0.009847 1.1E-05 0.009732 0.001280 7.9E-06 0.011135 
0.009905 1.1E-05 0.009731 0.001280 1.2E-05 0.011197 
0.009876 9.0E-06 0.009731 0.001280 1.0E-05 0.011166 
0.009877 9.0E-06 0.009731 0.001280 1.0E-05 0.011167 
0.009879 7.0E-06 0.009731 0.001281 1.0E-05 0.011170 
0.009841 6.0E-06 0.009731 0.001281 7.6E-06 0.011129 
0.009726 1.0E-05 0.009730 0.001281 -2.8E-07 0.011007 
0.009738 9.0E-06 0.009730 0.001281 5.5E-07 O.Q11020 
0.009725 9.0E-06 0.009730 0.001282 -3.3E-07 0.011006 
0.009881 6.0E-06 0.009729 0.001282 1.0E-05 0.011173 
0.009888 7.0E-06 0.009729 0.001282 
0.009904 6.0E-06 0.009729 0.001282 
0.009889 1.2E-05 0.009729 0.001283 
0.009875 9.0E-06 0.009729 0.001283 
0.009894 1.1 E-05 0.009728 0.001283 
0.009729 9.0E-06 0.009728 0.001283 
0.009742 9.0E-06 0.009728 0.001283 
1.1 E-05 0.011181 
1.2E-05 0.011198 





0.009742 9.0E-06 0.009728 0.001284 9.9E-07 0.011027 
0.009642 1.0E-05 0.009727 0.001284 -5.9E-06 0.010920 
0.009659 1.0E-05 0.009727 0.001284 -4.7E-06 0.010939 
0.009660 6.0E-06 0.009727 0.001284 -4.6E-06 0.010940 
0.009647 7.0E-06 0.009727 0.001285 -5.5E-06 0.010926 
0.009649 7.0E-06 0.009726 0.001285 -5.3E-06 0.010929 
0.009648 8.0E-06 0.009726 0.001285 -5.4E-06 0.010928 
0.009729 8.0E-06 0.009726 0.001286 2.2E-07 0.011015 
0.009757 1.4E-05 0.009726 0.001286 2.2E-06 0.011045 
0.009706 7.0E-06 0.009725 0.001286 -1.3E-06 0.010991 
0.009575 3.0E-06 0.009725 0.001286 -1.0E-05 0.010851 
0.009700 9.0E-06 0.009725 0.001287 -1.7E-06 0.010985 
0.009716 1.0E-05 0.009725 0.001287 -5.9E-07 0.011002 









































































































time sample raw error calculated correction stretch corrected S1 3C a 
13Cl'2C std factor factor 13Cl'2C 
1089 RF? 0.009643 1.1E-05 0.009724 0.001287 -5.6E-06 0.010925 -27.8 
1097 RF? 0.009663 1.2E-05 0.009724 0.001287 -4.2E-06 0.010946 -25.9 







0.009650 1.1 E-05 0.009723 0.001288 -5.0E-06 0.010933 
0.009656 9.0E-06 0.009723 0.001288 -4.6E-06 0.010940 
0.009654 1.0E-05 0.009723 0.001288 -4.?E-06 0.010938 
0.009741 1.1E-05 0.009723 0.001289 1.3E-06 0.011031 
0.009719 8.0E-06 0.009722 0.001289 -2.3E-07 0.011008 

















Table A.5.2: Carbon isotopic analyses of diamonds during the July 1999 SHRIMP 
session. For the sample designation of the carbonado, car1 g refers to euhedral 














































13Cl'2C std factor factor 13Cl'2C 
0.009788 1.2E-05 0.009787 0.001224 2.3E-09 0.011012 
0.009802 8.0E-06 0.009788 0.001223 3.6E-08 0.011025 
0.009780 1.1 E-05 0.009789 0.001222 -2.3E-08 O.Q11002 
0.009789 9.0E-06 0.009790 0.001221 -3.0E-09 0.011010 
0.009793 1.1 E-05 0.009791 0.001220 5.4E-09 O.Q11013 
46 ge 0.009797 1.1 E-06 0.009792 0.001220 1.4E-08 0.011017 
59 ucl 0.009939 1.0E-05 0.009793 0.001218 3.8E-07 0.011158 






























0.009958 1.3E-05 0.009794 0.001217 4.3E-07 0.011175 
0.009946 9.0E-06 0.009795 0.001216 3.9E-07 0.011162 
0.009969 1.0E-05 0.009796 0.001215 4.5E-07 0.011185 
0.009959 9.0E-06 0.009797 0.001215 4.2E-07 0,011174 
0.009789 1.3E-05 0.009798 0.001214 -2.3E-08 0.011003 
0.009796 1.1E-05 0.009798 0.001213 -5.8E-09 0.011009 
0.009788 1.0E-05 0.009799 0.001213 -2.8E-08 0.011000 
0.009683 1.4E-05 0.009800 0.001211 -3.1 E-07 0.010894 
0.009685 1.0E-05 0.009800 0.001211 -3.0E-07 0.010896 
0.0096n 8.0E-06 0.009801 0.001210 -3.2E-07 0.010887 
0.009723 1.0E-05 0.009802 0.001210 -2.1E-07 0.010932 
0.009709 1.0E-05 0.009802 0.001209 -2.4E-07 0.010918 
0.009714 1.3E-05 0.009803 0.001209 -2.3E-07 0.010922 
0.009804 6.0E-06 0.009803 0.001208 1.4E-09 0.011012 
0.009805 1.2E-05 0.009804 0.001207 2.9E-09 0.011012 
0.009800 1.2E-05 0.009804 0.001207 -1.1E-08 0.011007 
0.009689 1.1 E-05 0.009805 0.001206 -3.0E-07 0.010895 
0.009680 7.0E-06 0.009806 0.001206 -3.3E-07 0.010885 
0.009681 8.0E-06 0.009806 0.001205 -3.3E-07 0.010886 
0.009731 1.0E-05 0.009806 0.001205 -2.0E-07 0.010936 
0.009733 1.0E-05 0.009807 0.001205 -1.9E-07 0.010938 
0.009729 7.0E-06 0.009807 0.001204 -2.0E-07 0.010933 
0.009822 1.5E-05 0.009807 0.001204 3.9E-08 0.011026 
0.009821 1.3E-05 0.009807 0.001204 3.6E-08 0.011025 
0.009810 1.0E-05 0.009808 0.001204 6.3E-09 0.011014 
0.009785 1.4E-05 0.009808 0.001203 -6.0E-08 0.010988 
0.009804 1.2E-05 0.009808 0.001203 -1.0E-08 0.011007 
0.009818 5.0E-06 0.009808 0.001203 2.6E-08 0.011021 
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13Cl'2C std factor factor 13Cl'2C 
0.009816 7.0E-06 0.009808 0.001203 2.0E-08 0.011019 
0.009801 1.1E-05 0.009808 0.001203 -1.9E-08 0.011004 
0.009753 9.0E-06 0.009808 0.001203 -1.4E-07 0.010956 
0.009745 1.9E-05 0.009808 0.001203 -1.7E-07 0.010948 
0.009741 1.0E-05 0.009808 0.001203 -1.8E-07 0.010944 
0.009688 8.0E-06 0.009808 0.001203 -3.1E-07 0.010891 
0.009679 1.0E-05 0.009808 0.001203 -3.4E-07 0.010882 
0.009639 1.0E-05 0.009808 0.001203 -4.4E-07 0.010842 
0.009822 1.2E-05 0.009808 0.001203 3. 7E-08 0.011025 
0.009810 1.4E-05 0.009808 0.001203 5.6E-09 0.011013 
0.009810 1.3E-05 0.009808 0.001204 6.0E-09 0.011014 
0.009665 8.0E-06 0.009807 0.001204 -3.7E-07 0.010868 
0.009696 1.1 E-05 0.009807 0.001204 -2.9E-07 0.010900 
0.009680 1.2E-05 0.009807 0.001204 -3.3E-07 0.010884 
0.009693 1.2E-05 0.009807 0.001205 -3.0E-07 0.010897 
0.009673 1.4E-06 0.009806 0.001205 -3.5E-07 0.010878 
0.009684 8.0E-06 0.009806 0.001205 -3.2E-07 0.010889 
0.009686 9.0E-06 0.009806 0.001206 -3.1E-07 0.010891 
0.009668 1.1 E-05 0.009805 0.001206 -3.6E-07 0.010874 
0.009656 1.1 E-05 0.009805 0.001206 -3.9E-07 0.010862 
0.009795 8.0E-06 0.009804 0.001207 -2.4E-08 0.011002 
0.009802 6.0E-06 0.009804 0.001207 -5.0E-09 0.011009 
0.009809 1.3E-05 0.009803 0.001208 1.5E-08 0.011017 
0.009679 1.3E-05 0.009802 0.001209 -3.2E-07 0.010888 
0.009660 1.4E-05 0.009802 0.001209 -3.7E-07 0.010869 
0.009700 1.1E-05 0.009801 0.001210 -2.6E-07 0.010910 
0.009732 1.2E-05 0.009801 0.001211 -1.8E-07 0.010943 
0.009707 1.2E-05 0.009800 0.001211 -2.4E-07 0.010918 
0.009733 1.3E-05 0.009799 0.001212 -1.7E-07 0.010945 
0.009711 1.2E-05 0.009798 0.001213 -2.3E-07 0.010924 
0.009721 1.2E-05 0.009798 0.001214 -2.0E-07 0.010934 
0.009731 8.0E-06 0.009797 0.001214 -1.7E-07 0.010945 
0.009672 1.3E-05 0.009796 0.001215 -3.2E-07 0.010887 
0.009679 6.0E-06 0.009795 0.001216 -3.0E-07 0.010895 
0.009642 9.0E-06 0.009795 0.001217 -4.0E-07 0.010858 
0.009772 1.2E-05 0.009794 0.001218 -5.6E-08 0.010990 
0.009796 9.0E-06 0.009793 0.001219 8.4E-09 0.011015 
0.009787 6.0E-06 0.009792 0.001219 -1.3E-08 0.011006 
0.009796 1.0E-05 0.009791 0.001220 1.3E-08 0.011016 
0.009784 1.0E-05 0.009790 0.001221 -1.6E-08 0.011005 
0.009791 8.0E-06 0.009789 0.001222 4.5E-09 0.011013 
0.009666 1.2E-05 0.009788 0.001223 -3.2E-07 0.010889 
0.009699 1.7E-05 0.009787 0.001224 -2.3E-07 0.010923 
0.009698 1.3E-05 0.009786 0.001225 -2.3E-07 0.010923 
0.009951 1.3E-05 0.009785 0.001227 4.3E-07 0.011178 
0.009964 1.3E-05 0.009784 0.001228 4. 7E-07 0.011192 
0.009906 1.4E-05 0.009783 0.001228 3.2E-07 0.011135 
0.009780 5.0E-06 0.009781 0.001230 -3.6E-09 0.011010 
0.009780 1.2E-05 0.009780 0.001231 -1.1 E-09 0.011011 
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A.6 Methods of analyzing Dachine diamonds and chromites 
A.6. 1 FTIR of Dat:hine diamonds 
Thirty macro-diamonds from a heavy mineral separation from the Guyana 
office of Golden Star resources were analyzed using FfIR. FfIR spectra were 
obtained on a Bruker IR microscope attached to a Bruker IFS 28 spectrometer. 
Atmospheric water vapor and carbon dioxide spectra are automatically subtracted, 
while additional background corrections are done manually. 
Five of the samples turned out to be non-diamond, but the rest yielded 
characteristic diamond spectra (e.g. figure 6.3). N content, aggregation state, and T-t 
field were calculated from the spectra using the technique used by Taylor et al. (1996). 
The limit of detection for N from this technique in these samples is about 30ppm, due 
to interferences from epigenetic silicate inclusions that could not be removed by 
cleaning in water and acetone. 
Five microdiamonds recovered from drill core were analysed in the same 
manner, but their IR spectra were of poor quality due to the small grain size. 
A.6.2 Carbon isotopes of Dachine diamonds 
13C/12c ratios were measured using the SHRIMP II ion microprobe using the 
method described in Chapter 5. A synthetic GE standard was used with a isotopic 
value of -20.1%0, with a secondary standard from University College London which 
had a B13C of -5.8%0. 
Table A.6.1 Descri tion of Dachine diamonds studied. 
Sample description type N content o13C 
dch-1 brown distorted cube IaA-Ib 235 ppm -3.9±0.5 
dch-5 yellow fragment II <30ppm -20.5±0.4 
dch-6 grey irregular grain II <30ppm -28.3±0.5 
dch-7 brown-green fragment II <30ppm -34.0±0.5 
dch-8 reddishbrown pyramidal II <30ppm ? 
dch-9 irregular grey w. brown II <30ppm -24.4±0.3 
dch-10 grey triangular frag II <30ppm ? 
dch-11 brown rounded cuboid II <30ppm ? 
dch-12 brown equant II <30ppm ? 
dch-13 black fractured rectnagle II <30ppm ? 
dch-14 clear irregular grey II <30ppm ? 
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time raw error calculated correction stretch corrected 013C a 
'
3Cl'2C std factor factor 13Cl'2C 
1 0.009795 1.3E-05 0.009793 0.001218 2.0E-07 0.011014 -19.9 1.2 
9 0.009803 1.2E-05 0.009793 0.001219 1.0E-06 0.011023 -19.1 1.1 
17 0.009791 1.0E-05 0.009792 0.001219 -1.4E-07 0.011010 -20.2 0.9 
27 0.009794 9.0E-06 0.009792 0.001219 1.8E-07 0.011013 -19.9 0.8 
35 0.009781 1.0E-05 0.009792 0.001219 -1.1E-06 0.010999 -21.2 0.9 
44 0.009796 1.2E-05 0.009792 0.001220 
54 0.009927 1.4E-05 0.009791 0.001220 
62 0.009958 1.3E-05 0.009791 0.001220 
4.2E-07 0.011016 -19.7 1.1 
1.3E-05 0.011160 -6.8 1.2 
1.6E-05 0.011195 -3.8 1.2 
70 0.009925 1.0E-05 0.009791 0.001220 1.3E-05 0.011159 -7.0 0.9 
80 0.009953 1.4E-05 0.009791 0.001221 1.6E-05 0.011190 -4.2 1.2 
88 0.009910 1.2E-05 0.009790 0.001221 1.2E-05 0.011143 -8.4 1.1 
96 0.009919 1.2E-05 0.009790 0.001221 
106 0.009795 1.0E-05 0.009790 0.001221 
114 0.009800 7.0E-06 0.009790 0.001222 
123 0.009800 1.2E-05 0.009789 0.001222 
1.3E-05 0.011153 -7.5 1.1 
5.0E-07 0.011017 -19.6 0.9 
1.0E-06 0.011023 -19.1 0.6 
1.0E-06 0.011023 -19.1 1.1 
134 0.009631 1.3E-05 0.009789 0.001222 -1.6E-05 0.010838 -35.6 1.2 
142 0.009628 1.2E-05 0.009789 0.001222 -1.6E-05 0.010835 -35.8 1.1 
150 0.009630 9.0E-06 0.009789 0.001223 -1.6E-05 0.010837 -35.6 0.8 
160 0.009669 1.2E-05 0.009789 0.001223 -1.2E-05 0.010880 -31.8 1.1 
168 0.009633 1.2E-05 0.009788 0.001223 -1.5E-05 0.010841 -35.3 1.1 
176 0.009649 1.0E-05 0.009788 0.001223 -1.4E-05 0.010859 -33.7 0.9 
187 0.009661 1.2E-05 0.009788 0.001223 -1.2E-05 0.010872 -32.5 1.1 
195 0.009651 6.0E-06 0.009788 0.001224 -1.3E-05 0.010861 -33.5 0.5 
203 0.009658 1.3E-05 0.009787 0.001224 -1.3E-05 0.010869 -32.7 1.2 
214 0.009794 1.3E-05 0.009787 0.001224 6.7E-07 0.011019 -19.4 1.2 
222 0.009786 1.4E-05 0.009787 0.001224 -9.8E-08 0.011010 -20.2 1.2 
230 0.009771 1.1 E-05 0.009787 0.001225 -1.5E-06 0.010994 -21.6 1.0 
271 0.009786 1.4E-05 0.009786 0.001225 1.0E-08 0.011011 -20.1 1.2 
279 0.009759 1.1 E-05 0.009786 0.001226 -2.6E-06 0.010982 -22. 7 1.0 
287 0.009780 1.3E-05 0.009786 0.001226 -5.4E-07 0.011005 -20.6 1.2 
227 
C. W. Magee, Jr. Methods Appendix 
sample analysis time 
title 
raw e"or calculated correction stretch corrected 8'3C a 
13Cl'2C std factor factor 13Cl'2C 






































































































303 0.009695 1.0E·05 0.009785 0.001226 ·8.8E·06 0.010912 ·28.9 0.9 
311 0.009699 1.1E·05 0.009785 0.001226 ·8.4E·06 0.010917 ·28.5 1.0 
319 0.009704 1.2E·05 0.009785 0.001226 ·7.9E·06 0.010923 ·28.0 1.1 
329 0.009725 1.1E·05 0.009785 0.001227 ·5.8E·06 0.010946 ·25.9 1.0 
337 0.009681 1.0E·05 0.009785 0.001227 ·1.0E·05 0.010898 ·30.2 0.9 
345 0.009707 1.2E·05 0.009784 0.001227 ·7.6E·06 0.010926 ·27.7 1.1 
354 0.009716 9.0E·06 0.009784 0.001227 ·6.7E·06 0.010936 ·26.8 0.8 
363 0.009685 1.4E·05 0.009784 0.001227 ·9.7E·06 0.010903 ·29.8 1.2 
371 0.009692 1.0E-05 0.009784 0.001227 ·9.0E·06 0.010910 ·29.1 0.9 
388 0.009765 1.2E·05 0.009784 0.001228 ·1.8E·06 0.010991 ·21.9 1.1 
397 0.009786 7.0E·06 0.009783 0.001228 2.5E·07 0.011014 ·19.8 0.6 
405 0.009798 1.5E·05 0.009783 0.001228 1.4E·06 0.011027 ·18.7 1.3 
416 0.009784 1.3E·05 0.009783 0.001228 8.7E·08 0.011012 ·20.0 1.2 
424 0.009777 1.0E-05 0.009783 0.001228 ·5.9E·07 0.011005 ·20. 7 0.9 
432 0.009768 1.0E·05 0.009783 0.001228 ·1.5E·06 0.010995 ·21.6 0.9 
443 0.009772 1.4E·05 0.009783 0.001229 ·1.0E-06 0.011000 ·21.1 1.2 
451 0.009777 1.3E·05 0.009783 0.001229 ·5.4E·07 0.011005 ·20.6 1.2 
459 0.009757 1.2E·05 0.009782 0.001229 ·2.5E·06 0.010983 ·22.6 1.1 
469 0.009789 1.1E·05 0.009782 0.001229 6.6E·07 0.011019 ·19.4 1.0 
477 0.009782 1.3E·05 0.009782 0.001229 ·1.5E·08 0.011011 ·20.1 1.2 
486 0.009798 1.3E·05 0.009782 0.001229 1.6E·06 0.011029 ·18.5 1.2 
498 0.009786 1.0E-05 0.009782 0.001229 4.1E·07 0.011016 ·19.7 0.9 
506 0.009789 1.3E·05 0.009782 0.001230 7.1E·07 0.011019 ·19.4 1.2 
514 0.009775 1.5E·05 0.009782 0.001230 ·6.5E·07 0.011004 ·20.7 1.3 
525 0.009751 8.0E·06 0.009781 0.001230 ·3.0E·06 0.010978 ·23.1 0.7 
533 0.009741 1.5E·05 0.009781 0.001230 ·4.0E·06 0.010967 ·24.0 1.3 
541 0.009740 1.3E·05 0.009781 0.001230 ·4.0E·06 0.010966 ·24.1 1.2 
552 0.009740 1.3E·05 0.009781 0.001230 ·4.0E-06 0.010966 ·24.1 1.2 
560 0.009723 1.2E·05 0.009781 0.001230 ·5.7E·06 0.010948 ·25.8 1.1 
568 0.009748 7.0E·06 0.009781 0.001230 ·3.2E·06 0.010975 ·23.3 0.6 
579 0.009732 6.0E·06 0.009781 0.001231 ·4.8E·06 0.010958 ·24.9 0.5 
587 0.009730 1.0E·05 0.009781 0.001231 ·5.0E·06 0.010956 ·25.1 0.9 
595 0.009730 1.1 E·05 0.009781 0.001231 
608 0.009780 1.0E·05 0.009781 0.001231 
617 0.009780 1.1E·05 0.009780 0.001231 
625 0.009813 1.6E·05 0.009780 0.001231 
636 0.009919 1.5E·05 0.009780 0.001231 
644 0.009914 1.4E·05 0.009780 0.001231 
·5.0E·06 0.010956 ·25.0 1.0 
·5.0E·08 0.011011 ·20.2 0.9 
·4.1 E·08 0.011011 ·20.1 1.0 
3.2E·06 0.011047 ·16.9 1.4 
1.4E·05 0.011164 ·6.5 1.3 
1.3E·05 0.011158 ·7.0 1.2 
652 0.009964 1.5E·05 0.009780 0.001231 1.8E·05 0.011213 ·2.1 1.3 
662 0.009933 1.6E·05 0.009780 0.001231 1.5E·05 0.011179 ·5.2 1.4 
670 0.009915 1.4E·05 0.009780 0.001231 1.3E·05 0.011160 ·6.9 1.2 
678 0.009933 1.3E·05 0.009780 0.001231 1.5E·05 0.011179 ·5.1 1.2 
689 0.009681 1.4E·05 0.009780 0.001232 ·9.7E·06 0.010903 ·29.8 1.2 
697 0.009697 7.0E·06 0.009780 0.001232 ·8.1 E·06 0.010920 ·28.2 0.6 
705 0.009667 1.0E-05 0.009780 0.001232 ·1.1E·05 0.010888 ·31.1 0.9 
715 0.009698 1.5E·05 0.009780 0.001232 ·8.0E-06 0.010922 ·28.1 1.3 
723 0.009687 1.0E-05 0.009780 0.001232 ·9.1 E-06 0.010910 ·29.1 0.9 
731 0.009687 1.3E·05 0.009779 0.001232 ·9.1E·06 0.010910 ·29.1 1.2 
741 0.009780 1.1E·05 0.009779 0.001232 5.5E·08 0.011012 ·20.0 1.0 
749 0.009763 1.1E·05 0.009779 0.001232 ·1.6E·06 0.010993 ·21.7 1.0 
757 0.009770 1.5E·05 0.009779 0.001232 ·9.2E·07 0.011001 ·21.0 1.3 
773 0.009678 1.1E·05 0.009779 0.001232 ·9.9E·06 0.010900 ·30.0 1.0 
228 
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781 0.009650 1.3E-05 0.009779 0.001232 -1.3E-05 0.010869 -32.7 1.2 
789 0.009694 1.1 E-05 0.009779 0.001232 -8.3E-06 0.010918 -28.4 1.0 
800 0.009950 1.4E-05 0.009779 0.001232 1.7E-05 0.011199 -3.4 1.2 
808 0.009950 1.3E-05 0.009779 0.001232 1.7E-05 0.011199 -3.4 1.2 
816 0.009943 1.2E-05 0.009779 0.001232 1.6E-05 0.011191 -4.1 1.1 
827 0.009922 1.2E-05 0.009779 0.001232 1.4E-05 0.011168 -6.1 1.1 
835 0.009950 1.3E-05 0.009779 0.001232 1.7E-05 0.011199 -3.4 1.2 
843 0.009962 1.3E-05 0.009779 0.001232 
853 0.009801 1.5E-05 0.009779 0.001232 
1.8E-05 0.011212 -2.2 1.2 
2.2E-06 0.011035 -18.0 1.3 
861 0.009761 1.2E-05 0.009779 0.001232 -1.8E-06 0.010992 -21.9 1.1 
870 0.009775 9.0E-06 0.009779 0.001232 -3.9E-07 0.011007 -20.5 0.8 
880 0.009928 1.3E-05 0.009779 0.001232 1.5E-05 0.011175 -5.5 1.2 
888 0.009966 1.8E-05 0.009779 0.001232 1.8E-05 0.011217 -1.8 1.6 
897 0.009929 1.5E-05 0.009779 0.001232 1.5E-05 0.011176 -5.4 1.3 
907 0.009917 1.5E-05 0.009779 0.001232 1.4E-05 0.011163 -6.6 1.3 
915 0.009920 1.4E-05 0.009779 0.001232 
923 0.009917 1.4E-05 0.009779 0.001232 
1.4E-05 0.011166 -6.3 1.2 
1.4E-05 0.011163 -6.6 1.2 
937 0.009792 1.6E-05 0.009779 0.001232 1.3E-06 0.011026 -18.8 1.4 
945 0.009796 1.4E-05 0.009779 0.001232 1.7E-06 0.011030 -18.4 1.2 
953 0.009768 1.7E-05 0.009779 0.001232 -1.1E-06 0.010999 -21.2 1.5 
966 0.009721 1.6E-05 0.009779 0.001232 -5.7E-06 0.010948 -25.8 1.4 
974 0.009720 1.3E-05 0.009779 0.001232 -5.8E-06 0.010947 -25.9 1.2 
982 0.009686 9.0E-06 0.009779 0.001232 -9.1 E-06 0.010909 -29.2 0.8 
992 0.009726 1.2E-05 0.009779 0.001232 -5.2E-06 0.010953 -25.3 1.1 
1000 0.009692 1.3E-05 0.009779 0.001232 -8.5E-06 0.010916 -28.6 1.2 
1008 0.009710 1.4E-05 0.009779 0.001232 -6.8E-06 0.010935 -26.9 1.2 
1019 0.009716 1.5E-05 0.009779 0.001232 -6.2E-06 0.010942 -26.3 1.3 
1027 0.009688 1.7E-05 0.009779 0.001232 -8.9E-06 0.010911 -29.0 1.5 
1035 0.009735 1.8E-05 0.009779 0.001232 -4.3E-06 0.010963 -24.4 1.6 
1047 0.009741 1.7E-05 0.009779 0.001232 -3.7E-06 0.010969 -23.8 1.5 
1055 0.009811 1.7E-05 0.009779 0.001232 3.1E-06 0.011046 -17.0 1.5 
1063 0.009801 1.1E-05 0.009779 0.001232 2.1E-06 0.011035 -18.0 1.0 
1079 0.009791 1.4E-05 0.009779 0.001232 1.1E-06 0.011024 -19.0 1.2 
1087 0.009778 1.5E-05 0.009779 0.001232 -1.4E-07 0.011010 -20.2 1.3 
1095 0.009759 1.4E-05 0.009779 0.001232 -2.0E-06 0.010989 -22.1 1.2 
1108 0.009900 1.5E-05 0.009780 0.001232 1.2E-05 0.011144 -8.3 1.3 
1117 0.009904 1.0E-05 0.009780 0.001232 1.2E-05 0.011148 -7.9 0.9 
1125 0.009905 1.1E-05 0.009780 0.001232 
1135 0.009930 9.0E-06 0.009780 0.001232 
1143 0.009896 1.5E-05 0.009780 0.001232 
1151 0.009915 1.0E-05 0.009780 0.001231 
1161 0.009909 4.0E-06 0.009780 0.001231 
1169 0.009887 1.5E-05 0.009780 0.001231 
1178 0.009910 1.1 E-05 0.009780 0.001231 
1188 0.009787 1.4E-05 0.009780 0.001231 
1196 0.009799 6.0E-06 0.009780 0.001231 
1205 0.009772 9.0E-06 0.009780 0.001231 
1.2E-05 0.011149 -7.9 1.0 
1.5E-05 0.011176 -5.4 0.8 
1.1E-05 0.011139 -8.7 1.3 
1.3E-05 0.011160 -6.9 0.9 
1.3E-05 0.011153 -7.5 0.4 
1.0E-05 0.011129 -9.6 1.3 
1.3E-05 0.011154 -7.4 1.0 
6.7E-07 0.011019 -19.4 1.2 
1.8E-06 0.011032 -18.3 0.5 
-8.2E-07 0.011002 -20.9 0.8 
1216 0.009934 5.0E-06 0.009780 0.001231 1.5E-05 0.011180 -5.1 0.4 
1224 0.009925 1.3E-05 0.009781 0.001231 1.4E-05 0.011170 -6.0 1.2 
1232 0.009930 1.2E-05 0.009781 0.001231 1.5E-05 0.011175 -5.5 1.1 
1243 0.009773 9.0E-06 0.009781 0.001231 -7.6E-07 0.011003 -20.9 0.8 
1251 0.009766 1.5E-05 0.009781 0.001230 -1.5E-06 0.010995 -21.6 1.3 
229 
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sample analysis time raw error calculated correction stretch corrected 013C (f 
title 13C/12C std factor factor 13Cl'2C 
ge ge16.3 1259 0.009784 1.4E-05 0.009781 0.001230 3.0E-07 0.011015 -19.8 1.2 
A.6.3 Major elements of Dachine chromites 
Eighty eight dark heavy minerals were analysed for major elements. They were 
taken from the same stream sediments as the diamonds analysed in this study. Detrital 
minerals were used because those extracted from drill core were too badly weathered 
to be of any use. As a result of severe weathering rinds, chromites, rutile, and 
ilmenites were indistinguishable in hand picking, and roughly half of the samples were 
ilmenite or rutile. All grains were weathered, and some chromites had a spongy 
texture. 
Major element analyses were done by WDS on a Cameca 'microbeam' electron 
probe operating at 25 Ke V with a beam current of 30nA and a 2 micron spot size. 
WDS overlap of Ti on V was 0.0352; overlap of V on Cr was 0.0460. No other 
overlaps were detected. 72 analyses were done on 43 different chromites, A chromite 
standard (Tiebaghi mine, New Caledonia - USNM 117075) was referred to once every 
9 to 17 analyses. 
A.6.4 Trace elements of Dachine chromites 
Twenty five of the chromites measured by WDS were selected for analysis of 
the trace elements Ca, Sc, V, Co, Ni, Cu, Ga, Zr, Nb, Ru, Sn, Ba, Hf, Ta and Ir, on the 
Ar+/F eximer laser-ICP-MS, using the method described in section 3.4 of this 
appendix. This method was slightly altered to accommodate the different elements 
being measured. Data wer.t reduced using the ULTEMA analysis package. Cr-argide 
interferences on Zr were monitored by analyzing Zr isotopes 90, 91, and 92. As is 
shown in figure A.1, the isotopes 91Zr and WZr give similar concentrations after being 
corrected for isotopic abundance. This shows that for these isotopes, the interference 
is negligible. As is shown in figure A.2, measuring 92zr give different Zr contents. 
This is probably due to isobaric interferences. 
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Figure A.1: A plot of 90Zr and 91Zr, normalized to isotopic abundance. This plot 
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Figure A.2: A plot of 90Zr and 92Zr, normalized to isotopic abundance. This plot 
shows that 92Zr gives erronious values. This may be due to isobaric interference 
from the ionic species 40Ar52Cr, as 40Ar is the primary component in the argon 
plasma, and 52Cr is the main Cr isotope present in chromite. 
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Appendix B: Inconclusive experiments 
In the course of this Ph.D. project, several experiments were abandoned, either 
due to technical difficulties or because other studies showed that the data they would 
yield would not answer the question the experiment was designed to address. These 
inconclusive experiments are briefly described below. 
8.1 Florencite synthesis 
I originally planned to do an experimental study to determine the pressure, 
temperature, and compositional variability in stability field of florencite. Based on the 
photoluminescence of carbonado exteriors, Kagi et al. (1994) suggested that 
carbonado should be divided into two subclasses, one of which was metamorphosed 
above 450°C, the other of which was not. The purpose of the experiment was to see 
whether or not florencite would be stable at temperatures and pressures typical of 
greenschist-grade regional metamorphic events. If so, it could conceivably be an 
original mineral, so Sm-Nd dating might reveal the carbonado age. Currently, the 
temperature stability of florencite and other crandallite minerals is only known at 
atmospheric pressure (Schwab et al., 1990a; Schwab et al., 1990b). One attempt to 
synthesize the lanthanum end member of florencite at 550°C and 3 kb resulted in the 
formation of xenotime, aluminium hydroxide, and a hydrated AlPO 4• 
No further attempts to synthesize florencite were made, because the SHRIMP 
measurements showed that the Pb in florencite was common and modern (see chapter 
2). This means that the florencite crystallized recently, and whether or not it can 
survive greenschist-grade metamorphism is irrelevant to the carbonado story. In 
addition, the PL measurements of carbonado show significant problems with the Kagi 
et al. (1994) model (see chapter 2), so the greenschist metamorphic event they 
describe may not have occurred. 
8.2 Florencite Rare Earth Elements 
The possibility of doing REE chemistry on florencite inclusions was 
considered. There were two parts to this study. The first was to use the Sm-Nd 
system to get an age of florencite crystallization and a model Nd age for the florencite. 
The second was to look at the 149Sm/150Sm ratio to determine whether or not the 
radiation exposure to which carbonado was subjected was severe enough to change 
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this isotopic ratio through neutron capture. This effect has been observed in the Oklo 
natural fission reactors in Gabon (Janeczek and Ewing, 1996) and the Alligator River 
uranium deposits in Australia (Maas and McCulloch, 1990). This approach was also 
abandoned when the florencite was found to have a high Pb content, and that Pb was 
shown to be modem (see chapter 2). 
8.3 Framesite 
An attempt was made to compare the microstructure of carbonado to that of 
Framesite, a kimberlitic polycrystalline diamond. This was to be done by polishing 
framesites in the same way as carbonado was polished, then analyzing them using 
identical analytical methods. However, all the framesites studied were less tightly 
bonded than carbonado, and as a result, they disaggregated during the polishing 
process. This led to a loss of the samples, so no further studies were done on them. 
8.4 Shungite 
Two experiments were done on the lower Proterozoic amorphous 
carbonaceous material Shungite (Buseck et al., 1997) to determine if this material 
would transform to diamond at lower pressures and temperatures than graphite. 
Although the graphite to diamond transition is known to be kinetically slow (Bundy et 
al., 1996), the low density and high content of sp3 bonded carbon in shungite means 
that it could potentially transform more easily. One piston cylinder experiment at 950 
cc and 45 kbar produced no change other than transforming the quartz in the shungite 
to coesite. A second run in the high pressure piston cylinder at 55 kbar and 1250 cc 
resulted in a failure of the pressure vessel. No further high pressure experiments were 
conducted. 
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